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ABSTRACT
The objective of this study was to develop a closed-loop controller for use on a Controlled-Auto-
Ignition (CAI) / Spark-Ignition (SI) mixed mode engine equipped with a variable-valve-timing
(VVT) mechanism. The controller in this study was designed only for use in the CAI regime.
Operation in the SI regime and control of transitions between the CAI and SI modes were
considered to be outside the scope of this study.
The first part of the study involved creating an open-loop feedforward controller. This controller
transformed desired engine output into required input based on a mapping of the steady-state
output-to-input transfer function at constant engine speed and intake manifold temperature.
Since the mapping domain was limited, the open-loop controller did not compensate for changes
in operating conditions. This controller was used to study the transient response of the engine.
Using the transient data, a mathematical representation of the engine output; i.e. mean effective
pressure (MEP) and fuel-air equivalence ratio (0), its in-cylinder state; i.e. mass of fuel, mass of
air, percent mass exhaust gas residual and pressure, and input to the engine; i.e. mass of fuel,
intake valve closing and exhaust valve closing, was developed. This representation showed that
the CAI engine is effectively a quasi-static system in that the output of any given cycle depends
almost entirely on the in-cylinder state at the start of that cycle, and that the latter depends almost
entirely on prior cycle input. The quasi-static nature of the CAI engine effectively defined the
architecture of the closed-loop controller; namely, a feedforward and feedback sub-controllers.
A numerical model of the CAI engine and a closed-loop control system were developed. A
comparison of output from the model and engine showed excellent correlation. The model was
then used to determine the gains of the closed-loop controller. Validation of the closed-loop
controller consisted of comparing output from the CAI engine subject to closed-loop control to
both the desired output and output from the engine subject to open-loop control. Visual cycle-
by-cycle and statistical comparisons showed that the performance of the CAI engine improved
significantly when subject to closed-loop control. This was especially true when the
environmental and operating parameters not included in the original feedforward mapping; i.e.
engine speed and intake manifold temperature, were allowed to vary.
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Chapter 1: Introduction
1.1 Background and Motivation
Modem automotive engines can be classified as either spark ignition (SI) or diesel
engines. In SI engines, a spark initiates combustion. Since the air-to-fuel ratio of such
engines is nominally fixed at stoichiometric, a throttle, restricting the flow of air into the
engine cylinders, controls the load. Closing the throttle negatively impacts efficiency
since it increases the work required to induct air into the engine cylinders. This is
especially true at light engine loads. On the other hand, a modem SI engine, running
with a stoichiometric fuel-air equivalence ratio ($), emits near zero pollutants; i.e. carbon
monoxide (CO), unburned hydrocarbons (HC) and nitrogen oxides (NO and NO2,
collectively called NO,), since the exhaust can be treated by a three-way catalyst which is
highly effective.
Combustion in a diesel engine is initiated by fuel injection into compressed air at
high temperature. The mass of fuel and the timing of its injection control the engine load.
There is no throttle. The lack of a throttle, together with an overall lean air-fuel mixture
and high geometric compression ratio, give rise to an efficiency that is substantially
higher than that of the SI engine. However, the diesel engine emits considerably more
CO, HC and NOx than an SI engine since a three-way catalyst cannot treat the exhaust
resulting from combustion of a lean fuel-air mixture efficiently. The diesel engine also
emits soot; i.e. carbonaceous particles formed within the diffusion flame that is
characteristic of diesel combustion.
A Controlled-Auto-Ignition (CAI)/SI mixed-mode engine is an attempt to
combine the high efficiency of a diesel engine with the low emissions of a SI engine.
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CAI combustion is a spontaneous and fast, chemical reaction driven by the elevated
charge temperature. This high temperature is produced by compression through a high
geometric compression ratio and by the presence of substantial hot exhaust gas residuals
that have been trapped using an advanced exhaust valve closing (EVC) strategy. This
trapping of exhaust gas residuals represents the predominant method of load control
since, in CAI mode; the engine is run with a wide-open throttle to minimize pumping
loss. Increasing/decreasing the mass of exhaust gas residual in the cylinder
decreases/increases the mass of fuel and air that can be inducted thereby leading to
lower/higher engine load.
In general, combustion in the CAI regime is not limited to stoichiometric fuel-air
equivalence ratios. However, in a typical urban driving cycle, the CAI/SI engine will
frequently operate in the SI mode. In this mode, emissions reduction via the three-way
catalyst is necessary. In order to insure optimal performance of the catalyst immediately
following transitions from CAI mode to SI mode, the oxygen (02) storage capacity of the
catalytic converter must be maintained. This requirement is most easily accomplished by
requiring that $ in the CAI regime be stoichiometric. Such strategy was followed in this
study. Undoubtedly, there are other means to maintain the required 02 storage capacity.
However, their investigation and implementation were outside the scope of this study.
By design, the CAL/SI engine is a dual mode engine that operates in SI mode
wherever CAI mode is neither feasible nor possible. Figure 1.1 depicts a typical CAI
operating regime superimposed on a plot of NIMEP (Net Indicated Mean Effective
Pressure, the in-cylinder work normalized by displaced volume) versus engine speed.
Also included on this figure are data points corresponding to the upper and lower bounds
16
of the CAI regime for the engine used in this study. At high loads, the CAI regime is
limited by knock brought on by insufficient dilution of the in-cylinder charge and high
overall charge temperature. As speed increases, heat transfer to the cylinder walls, piston
and cylinder head decreases thereby exasperating knock and further lowering the CAI
boundary. At low loads, the charge is overly diluted by exhaust gas residuals leading to
misfire. As speed increases, this low load limit improves; i.e. the engine can be operated
at a lower load, because of the decrease in cycle heat transfer, until the excess dilution
effect overpowers the heat transfer effect. At high speeds, insufficient reaction times lead
to misfire. Finally, at low engine speeds, excessive heat transfer leads to misfire since
there is insufficient thermal energy remaining to initiate the reaction.
10 I -
misfire limited
9 - (excessive heat transfer)
8 knock limited
7 _ (insufficient mixture dilution and higher knock limited
charge temperature exasperated by less (insufficient heat transfer)
heat transfer at higher sveeds) I I I I I
5
4
3
2
1
~t1111
misfire limited
(insufficient reaction time)
misfire limited
(excessive dilution of mixture, misfire limited -
compensated by less heat (excessive dilution of mixture overpowers
transfer at higher speeds) effect of less heat transfer at higher speeds)
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
Engine Speed (rpm)
* Data Points - Typical CAI Regime
Figure 1.1 Typical SI and CAI Operating Regimes
CAI combustion represents a practical implementation of the more general
homogenous charge compression ignition (HCCI) combustion. A history of HCCI and
17
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subsequent development of the SI/CAI engine is briefly described as follows. HCCI was
first developed for use in two-stroke engines by Onishi et. al.[1979]. Thring [1989]
suggested that "a passenger car engine could be designed that would use HCCI at idle
and light load to obtain [fuel] economy like [that of] a diesel, along with smooth
operation, while switching to conventional gasoline engine operation at full power for
good specific power output" and noted that high in-cylinder temperatures were required
to auto-ignite the air and fuel. In his work, Thring used intake air heating with a
relatively low compression ratio to achieve the required in-cylinder temperatures.
Unfortunately, intake air heating is not a method of control suitable to most internal
combustion engine applications since the large thermal inertia of the intake air stream, the
intake manifold system, the cylinder head and the power cylinder components make
transient engine operation and control difficult. Later investigators of four-stroke
gasoline HCCI engines, notably Aoyama et al. [1996], used high compression ratios to
achieve the required in-cylinder temperatures. This, too, was not a practical method of
control since the engine would be limited to only HCCI combustion, as its high
compression ratio would make it prone to knock when run in SI mode. Meanwhile,
investigators of two-stroke HCCI combustion; notably Ishibashi and Asai [1996], had
determined that residual exhaust gas could be used to initiate and control HCCI
combustion. Kontarakis et al. [2000] were the first to use modified valve timing;
specifically, early EVC and late IVC, to induce CAI combustion in a four-stroke gasoline
engine via entrapment of hot exhaust gas. They concluded, "practical application of this
HCCI concept will require variable valve timing". Law et al. [2000] was the first to use
an electrohydraulic active valve train (AVT) to trap exhaust gas residuals leading to
18
spontaneous combustion of a stoichiometric air-fuel. Numerous other investigators; i.e.
Kaahaaina et al. [2001], Koopmans et al. [2001], Zhao et al. [2002] and Wolters et al.
[2003], have since demonstrated CAI combustion using variable-valve-timing (VVT)
mechanisms to trap hot exhaust gas. In most investigations, advanced EVC and retarded
intake valve opening (IVO) have been used to trap hot exhaust gas. Subsequent mixing
of the fuel and air with the hot exhaust gas creates localized "hot spots" throughout the
mixture. Compression further increases the mixture temperature leading to auto-ignition.
To date, most investigations of CAI combustion in engines equipped with VVT
mechanisms have been concerned with steady-state operation. Effective management of
changes in speed and load within or transitions into and out of the CAI operating regime
requires dynamic control of the in-cylinder conditions leading to auto-ignition of the fuel
and air mixture. Only Agrell et al. [2003] have demonstrated an ability to manage CAI
combustion using dynamic control. They employed a PID method of control and
concluded that cycle-to-cycle characteristics must be considered.
1.2 Objectives
The first objective of this study is to develop a fundamental understanding of the
relationships between input to the CAI engine, the state of the CAI engine and output of
the CAI engine. This understanding is to encompass both steady-state and transient
operation within the CAI regime. Specifically, a numerical representation of the CAI
engine is desired for the purpose of designing a closed-loop controller. The second
objective of the study is to develop, tune and, finally, implement and evaluate a closed-
loop engine controller for use in the CAI operating regime. This closed-loop controller
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must be capable of simultaneously maintaining a constant fuel-air equivalence ratio and
managing changes in desired load while also compensating for changes in environmental
conditions; i.e. intake manifold temperature, and operating conditions; i.e. engine speed,
that affect both the engine load and $.
1.3 Thesis Outline
Chapter 2: EXPERIMENTAL SET-UP OF THE CAI ENGINE describes the
experimental set-up of the CAI engine. It includes a discussion of the hardware used in
this study, including the engine, the dynamometer, the VVT system, all sensors and the
software used to construct the engine controller. Chapter 3: OPEN-LOOP CONTROL
OF THE CAI ENGINE details the development of an open-loop controller and its use
on the CAI engine. Data from the CAI engine subject to open-loop control was then used
to perform a system identification of the CAI engine as described in Chapter 4:
SYSTEM IDENTIFICATION OF THE CAI ENGINE. Also detailed in Chapter 4 is
the selection and calculation of the state variables that form the basis for the system
identification representation. In Chapter 5: CLOSED-LOOP CONTROL OF THE
CAI ENGINE, a numerical model of the CAI Engine and closed-loop controller system
is developed and its output is compared to experimental data. The process whereby the
numerical model was used to determine the gains of the closed-loop controller is also
described. Finally, the performance of the closed-loop controller is evaluated through
comparisons of the output from the CAI engine while subject to both open-loop and
closed-loop control. Chapter 6: CONCLUSIONS AND FUTURE WORK
summarizes the findings of this study and suggests opportunities for future research.
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Chapter 2: Experimental Set-Up of the CAI Engine
2.1 Test Cell and Dynamometer
All experiments conducted during the course of this study took place in test cell 033-A of
the Sloan Automotive Laboratory at the Massachusetts Institute of Technology (MIT). This test
cell is equipped with a single-cylinder test engine mated to a water-cooled Dynamatic Dual-
Mode (Absorption and Motoring) Dynamometer that is controlled by Digalog Dynamometer and
Motoring Controllers. Although the dynamometer is intended only for steady-state operation, it
was possible to adjust the target engine speed with the engine running so that the ability of the
closed-loop controller to manage changes in engine speed could be evaluated. The rate at which
the target engine speed could be varied was limited by instabilities in the dynamometer system.
Figure 2.1 illustrates the ability of the dynamometer to maintain an engine speed, depicted as a
cycle average, nearly equal to the target engine speed during load transients. Figure 2.2 depicts a
representative "hand controlled" engine speed variation with a time scale of approximately 10
seconds, as limited by the dynamometer system instabilities.
Close inspection of Figure 2.1 shows that variations in engine speed were limited to +/-
10 rpm (or less than +/- 1%) due to changes in engine load. Although these variations were too
small to affect CAI engine performance, they did impact the capability of the dynamometer to
accurately report torque and thus Brake Mean Effective Pressure (BMEP). Figure 2.3 depicts
typical BMEP measurements versus the true engine output, reported as simply Mean Effective
Pressure (MEP)', and engine speed. The primary correlation between BMEP and MEP is
obvious as is a secondary correlation between BMEP and engine speed.
The definition of MEP will be made clear in Chapter 3: Open-Loop Control of the CAI Engine. For the
purposes of this discussion, it is sufficient to say that MEP and NIMEP are equivalent.
21
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2.2 Engine Hardware
2.2.1 Power Cylinder
The engine originally installed in this test cell was a Ricardo Hydra single-cylinder diesel
engine. To facilitate service and repair, the engine was a modular design consisting of three
distinct components; i.e., the cylinder head, the engine block/power cylinder assembly and the
bottom end. An early estimate of the cost and time required to get the engine running suggested
that it would be best to keep the existing driveline configuration; i.e. the Ricardo Hydra bottom
end, the drive-shaft and the dynamometer, but replace the engine block/power cylinder assembly
and the cylinder head with components that could more easily accommodate the variable-valve-
timing (VVT) mechanism, the port fuel-injection of gasoline, the spark plug and the cylinder
pressure transducer that would be required for this study. The end result was a one-of-a-kind
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engine with many one-of-a-kind parts and interfaces. Unfortunately, the time and money
required to continually repair, replace and redesign those one-of-a-kind parts and interfaces was
far greater than the time or money saved by keeping the original driveline. Looking back, it is
obvious that this study should have been conducted using a readily available, mass-produced,
port fuel-injected, spark-ignition engine. Regardless, the dimensions of the test engine are
tabulated in Table 2.1.
Table 2.1 Basic Dimensions of the Test Engine
Bore Stroke Connecting Rod Displacement Compression Ratio
(mm) (mm) (mm) (liter) (-)
80.26 88.90 158.00 0.450 12.28
The engine block was a one-of-a-kind design consisting of a cast iron cylinder liner
pressed into an aluminum housing with a water jacket surrounding the liner. Silicone o-rings
were used to seal the water jacket. In this study, the coolant temperature was limited to 96
degrees Celsius with most data acquired between 94 and 96 degrees Celsius. The piston used in
this study was a Ross Racing aluminum flat-top piston cooled by a single jet of oil directed at the
piston bottom. Given the modular nature of the design, it was easy to increase or decrease the
geometric compression ratio of the test engine by simply moving the engine block/power
cylinder assembly up or down relative to the bottom end. As Table 2.1 indicates, the geometric
compression ratio used in this study was 12.28. Since this study was concerned only with
control of the CAI/SI engine while operating in CAI mode, the issues associated with operating
in SI mode with such a high compression ratio were ignored.
2.2.2 Cylinder Head
The cylinder head used in this study was from a 2001 Volkswagen TDI engine. This
particular cylinder head was chosen for the following three reasons. First and foremost, the 2001
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VW TDI engine was mass-produced meaning the cylinder head is readily available and
reasonably priced. Although the specifics of the failures will not be discussed, there were two
catastrophic failures of the engine during the course of this study that necessitated the
replacement of the cylinder head. The second reason for selecting the TDI cylinder head was
that it has two valves per cylinder that are spaced approximately 38 mm apart and have a vertical
orientation. The number, location and orientation of the valves made the cylinder head a perfect
fit for the VVT system used in this study. That mechanism will be discussed in great detail
below. The third reason for selecting this cylinder head was that the fuel injector and glow plug
bores were easily modified to accept a spark plug and in-cylinder pressure transducer,
respectively. The spark plug used in this study was a NGK R847- 11 spark plug. It was selected
because of its small size and compatibility with the fuel injector bore. The cylinder pressure
transducer used in this study was a Kistler 6125a pressure transducer, equipped with a flame
arrester and a Kistler Type 5010 charge amplifier. The details of the flame arrester cannot be
discussed because to do so might reveal proprietary information belonging to a sponsor of the
Sloan Automotive Laboratory at MIT. Effective flow areas for the intake and exhaust valves and
ports of the VW TDI cylinder head, as determined by measurements taken at Cummins Inc., are
depicted in Figure 2.4. To minimize the spring forces required to open and close the valves and
thus increase the durability of the VVT system, the intended maximum valve lift of both the
intake and exhaust valves was limited to 5 mm. Note that given the design and operation of the
VVT mechanism, it is possible that the valves momentarily overshoot their intended maximum
valve lift during operation.
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2.2.3 Variable Valve Timing Mechanism
The VVT system used in this study was an electromagnetic system. This system was
originally developed for use on a Chrysler 2.4 liter, in-line, four-cylinder engine with four valves
per cylinder. Daimler-Chrysler Corp. subsequently donated it to the MIT Sloan Automotive
Laboratory for use in this study. As donated by Daimler-Chrysler Corporation, the VVT system
consisted of a Sorensen DCR 110-90T power supply, thirty-two Advanced Motion Controls
Brush Type PWM Servo Amplifiers (50A20T-AU1), two engine control units and eight valve
assemblies, heretofore referred to as "pods". For the purposes of this study, the VVT system was
greatly simplified and ultimately was comprised only of the power supply, 4 servo amplifiers, a
single pod, 4 voltage summing junctions and software (Lab View) running on National
Instruments (PXI) hardware.
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Figure 2.5 depicts a cross-sectional view of one-half of a VVT system pod; i.e. each full
pod consists of two adjusting screws, two valve-open springs, two spring retainers, two
armatures and four electromagnets, mounted above the cylinder and acting on a single valve
equipped with a traditional valve return spring, spring retainer and hydraulic lash adjuster. It is
assumed that the reader is familiar with the operation of the latter components. With regard to
the overall system, it should be obvious that when the upper electromagnet is energized, it exerts
an attractive force on the armature, holding it in its uppermost position so that the only force
acting on the valve is that exerted by the valve-close spring. At valve opening, the top magnet is
de-energized while the bottom magnet is energized allowing the valve-open spring to accelerate
the armature and valve downward. Initially, the bottom magnet has little impact on the
acceleration of the valve and armature since the magnitude of the electromagnetic force exerted
on the armature is quite small over large distances. However, as the valve opens, the effect of
the bottom magnet increases and actually comes to dominate as the valve approaches the fully
open position. Note that since only the valve return spring is acting to decelerate the valve (the
armature and valve are not attached) it is possible that the valve overshoots the intended
maximum valve lift as mentioned above. With the armature held in place by the lower
electromagnet, the valve remains fully open until the process is repeated though in reverse order.
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Figure 2.5 Cross-Sectional View of One-Half of a VVT System Pod
The current applied to the electromagnet during valve opening or valve closing is an
order of magnitude greater than that applied when the valve is fully open or fully closed. The
larger current is heretofore referred to as the "boost" current while the smaller current is
heretofore referred to as the "hold" current. The boost current must be high since the valve-open
(or valve-close) spring may not exert enough force to sufficiently accelerate the spring and mass
system while simultaneously overcoming the combined effects of friction, cylinder pressure and
the force applied by the valve-close (or valve-open) spring, respectively. The hold current can
be smaller than the boost current since little current is required to hold the armature in place if it
is actually in contact with the electromagnet. Note that, if the magnitude of the hold current
were, in fact, equal to the magnitude of the boost current, the magnet would almost certainly
overheat. Typical magnitudes of the boost and hold currents used in this study and their relative
timings are depicted in Figure 2.6. Note that the currents in the top/bottom magnets are
referenced from the top/bottom of the figure and that the diamonds illustrate when the valves are
either fully open or fully closed. The electronic hardware and software used to generate these
currents will be discussed further in Section 2.3 Controller Software and Electronics.
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Figure 2.6 VVT System Current Magnitude and Timing Diagram
2.2.4 Intake and Exhaust Manifold Systems
The exhaust manifold system consisted of a relatively short 38 mm diameter pipe
connecting the exhaust port to the exhaust trench. An ETAS sensor which reported the fuel-air
equivalence ratio of the exhaust gas was located just downstream of the exhaust port. A typical
plot of in-cylinder pressure during the exhaust event is depicted in Figure 2.7. It is obvious that
the in-cylinder pressure is affected by flow dynamics in the exhaust port and manifold as the
pressure drops below 1 (bar) about bottom-dead-center (BDC) then briefly goes above 1 bar
before finally settling to 1 bar at EVC. The spikes in pressure are generated by a mechanical
impact between the exhaust valve and armature and by impacts between those components and
the cylinder head and both electromagnets.
29
Throughout this study, the in-cylinder work, equal to jpdV, was used to determine
engine output. Note that the spikes in pressure, caused by the aforementioned mechanical
impacts of the valve mechanism, can significantly affect the calculation of that quantity. This is
especially true about EVC and IVC where the magnitudes of the spikes are greatest and where the
change in volume can be quite large. In order to minimize any errors, the in-cylinder pressure
was "smoothed" using a 3rd order polynomial about IVC and EVC as depicted in Figure 2.7.
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Figure 2.7 Typical In-Cylinder Pressure During the Exhaust Event
The intake manifold system consisted of a 2 kW air heater to control the intake manifold
temperature (IMT) followed by approximately 750 mm of 30 mm diameter pipe leading to the
intake port. IMT was controlled to either 120 +0/-2 "C or 120 +0/-20 "C with an on/off
controller. Figure 2.8 depicts typical time histories of IMT. There was no throttle plate in the
intake manifold. Like the exhaust port and manifold, flow dynamics in the intake port and
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manifold affect the in-cylinder pressure during the intake event as depicted in Figure 2.9. Again,
the spikes in pressure are caused by mechanical impacts between the valve, armature, cylinder
head and both electromagnets. An Omega PX176-025A5V pressure transducer was used to
measure the manifold absolute pressure (MAP). The in-cylinder pressure was then pegged by
minimizing the error between it and MAP in the region between 525 and 5402 degrees aTDCf.
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Figure 2.8 Typical Time Histories of IMT
2 Since the intake valve was allowed to close as early as 540 degrees, it was impossible to peg the in-cylinder
pressure to angles greater than that without introducing errors caused by the pressure spikes.
31
-O --- ---
- -
1.5
1.4
1.3
1.2
1.1
1
0.9
0.8
0.7
0.6
fig
390 420 450 480 510 540 570 600 630
Crank Angle (degrees aTD C)
-In-Cylinder Pressure -Intake Manifold Pressure
Figure 2.9 Typical In-Cylinder Pressure During the Intake Event
2.2.5 Fuel Injection System
A pulse actuated solenoid fuel injector was located just upstream of the intake port and
oriented so that the fuel spray was directed toward the port walls and the backside of the intake
valve. To avoid erroneous temperature measurements due to evaporation of various quantities of
fuel, the thermocouple used to monitor IMT was located just upstream of the injector. An electric
fuel pump and pressure regulator maintained a constant difference in pressure equal to 2.7 bar
between the fuel line and the intake manifold. Calibration measurements of the fuel injection
system showed that the mass of fuel injected into the port per cycle was a linear function of the
duration of the electronic pulse used to activate the solenoid injector. The relationship between
mass of fuel injected per cycle and injector pulse width is depicted Figure 2.10. The expression
relating mass of fuel to the injection duration is given by:
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Figure 2.10 Relationship Between Mass of Fuel Injected and Injector Pulse Width
The fuel used in this study was Chevron-Phillips UTG-91. See Appendix A. By weight,
this fuel consists of 86.36% Carbon (C) and 13.41% Hydrogen (H) giving a chemical formula of
CH 1.8 53. Chevron-Phillips estimated its molecular weight to be 107 gm/mol. Furthermore, it
was assumed that any HC molecules in the exhaust took the form of CH1 .85 and that the
thermodynamic properties of the HC were approximately equal to those of methylene (CH2).
2.3 Controller Software and Electronics
The stated objective of this study was to develop an engine controller capable of
maintaining a constant fuel-air equivalence ratio while simultaneously managing load transitions
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within the CAI operating regime. It will be shown in Chapter 4: SYSTEM
IDENTIFICATION OF THE CAI ENGINE that combustion in the CAI regime depends
almost entirely on in-cylinder conditions created by the inputs to the engine during the previous
cycle. As such, the engine controller must be capable of true cycle-by-cycle control. That
means the controller must be capable of assessing the output of the previous engine cycle, using
that assessment to determine the inputs required in the current engine cycle and actuating those
inputs in a timely manner. In addition, the controller must be capable of sending and receiving
information to and from the engine operator so that the operator can both command a desired
output and monitor the engine's ability to produce that output. If the controller fails to achieve
any of these goals the CAI engine may run poorly or not all. It is not difficult to imagine the
detrimental effects that incorrect fuel quantity or valve timings would have on the performance
of the CAI engine. Worse, failure of the engine controller to perform as expected could have
catastrophic results if the piston were to strike an unclosed valve or if an open fuel injector were
to flood the engine cylinder leading to hydraulic lock or an explosion.
2.3.1 Data Acquisition System
After careful consideration of the engine controller's importance to this study, National
Instruments Lab View 7.0 software running in real-time on a NI PXI-1042 chassis was selected as
the platform upon which the controller was to be built. Two National Instruments PXI-6070E
Multifunction I/O data acquisition boards were used to monitor engine speed, in-cylinder
pressure, MAP, exhaust fuel-air equivalence ratio and IMT as a function of engine position or
crank angle. These boards were also capable of outputting multiple digital 0-5 Volt signals at
frequencies well in excess 9 khz, the frequency equivalent of 1 degree resolution at 1500 rpm. A
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Litton 70HDIN360-1-2-0 encoder with one-degree crank angle resolution was used to determine
engine position. Note that the resolution of the encoder is significant because it effectively
determined the resolution of the input actuation signals. In this study, those signals were
constrained to start and end on integral multiples of crank angle.
2.3.2 Engine Controller Logic
Figure 2.11 shows the typical timing of the input events in an engine cycle; i.e. -360 to
360 degrees aTDCf. The events are exhaust valve closing (EVC) and, by symmetry, intake valve
opening (IVO), intake valve closing (IVC) and fuel injection 3 to the engine when operating in
CAI mode. There are times in the CAI engine cycle during which the valves must be open, the
spark plug must be energized 4 and the fuel injector must be injecting fuel. The solid lines
indicate those times in Figure 2.11. Conversely, since there is flexibility in the duration of the
valve events and the mass of fuel to be injected, there are times in the engine cycle during which
the valves may or may not be open and when the fuel injector may or may not be injecting fuel.
The dashed lines depict those indeterminate times. Finally, mechanical considerations; i.e.
inertia and friction, introduce a delay of approximately 4-5 ms (45 degrees at 1500 rpm) between
when the boost current is turned on, denoted by the arrowheads, and when the valve actually
opens. The arrows are included on the figure to highlight the fact that the controller is actively
controlling the intake and exhaust valves before those valves even open.
3 In this study, exhaust valve opening was fixed at 150 degrees aTDCf.
4 Although a spark is not required in CAI mode, its use is a convenient and easy method of avoiding misfire. In this
study, the spark was set to TDCf under all conditions.
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Figure 2.11 Valve, Spark and Fuel Injection Events
A typical CAI combustion event occurs just after TDCf. Since this event is driven by
chemical kinetics and not by an external ignition source, it is reasonable to infer that combustion
in any given cycle is dependent on combustion in the preceding cycle and any input to the engine
that occurred during that cycle. Since the controller is responsible for all input to the engine, it
seems logical that the controller cycle encompass all input between any two combustion events.
The value of 5 degrees aTDCf was chosen as the end and start of the controller cycle because it
strikes a good balance between maximizing the residence time of exhaust gas at the exhaust gas
fuel-air equivalence ratio sensor and allowing the controller sufficient time to communicate with
the engine operator, read in the cylinder pressure, engine speed, MAP and # from the previous
controller cycle and then calculate the required inputs for the current cycle. Once those inputs
are calculated, the controller transitions into input actuation mode for the duration of the
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controller cycle. In this mode, the controller is focused solely on actuating the inputs and cannot
be interrupted. If it were to be interrupted, it might miss a valve, spark or fuel event and thereby
adversely affect engine performance or worse. A flowchart of the engine controller is depicted
in Figure 2.12.
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Figure 2.12 Flowchart of the Engine Controller
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2.3.3 Additional Engine Controller Electronics
The 5 Volt digital output signals referred to above were sufficient to actuate the spark and
fuel injection systems but were not sufficient to actuate the VVT system. Recall that the
electromagnets are subject to both a hold current and a boost current that differ by an order of
magnitude. Since the controller is only capable of outputting 5 Volt digital signals, an additional
electronic circuit between the PXI controller and the Brush Type PWM Servo Amplifiers was
required. This circuit consisted of four operational amplifiers acting as voltage summers. The
input to each summer were two 5 Volt digital signals; one to turn on and turn off the boost
current and one to turn on and turn off the hold current. A schematic of one of the circuits is
depicted in Figure 2.13. Note that once the input and output resistances of the voltage summer
were chosen, the boost and hold voltages were fixed. The selection of those resistances is not
critical to the control of the CAI engine and thus will not be discussed here.
Rsum,inverse
>oost Rnverse
5V TTL, boost
Wnerse
5V TTL, hold I Vamplifier
Rhold sum,inverse +
Figure 2.13 Intermediate VVT System Circuitry
2.3.4 Engine Controller Program
As stated previously, the engine controller was developed using LabView 7.0 real-time
software. The program consists of nearly 100 interconnected subroutines or sub-Vis.
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Chapter 3: Open-Loop Control of the CAI Engine
3.1 Introduction
The simplest means of controlling the CAI/SI engine operating in CAI model is by open-
loop control as illustrated in Figure 3.1. In this mode of control, the operator commands a
desired engine output (d); i.e. the desired in-cylinder mean effective pressure (MEP)2 and
exhaust gas fuel-air equivalence ratio (0). The desired outputs are, in turn, used to determine the
required input to the engine (u); i.e. the fuel injection duration (Ofuel), the angle at which the
intake valve closes (IVC) and the angle at which the exhaust valve closes (EVC), that will
produce that output. Note that for this method of control, the CAI engine is effectively a black
box in that no information beyond a predetermined input/output relationship is known. There is
also no output feedback and thus no way to insure that the actual engine output (y) is, in fact,
equal to that which is desired. Given that the output of the CAI engine is a strong function of the
engine's environment; i.e. intake manifold temperature (IMT), engine coolant temperature, fuel
composition and manifolding, and operating conditions; i.e. engine speed, the open-loop
controller should be a poor choice of control for the CAI engine. Nonetheless, it is appropriate
to describe the open-loop controller since its development was an important milestone in both the
system identification process to be described in Chapter 4: System Identification of the CAI
1 Heretofore, the CAI/SI engine operating in CAI mode will be referred to as the CAI engine.
fPdV
2 Strictly speaking, the quantity by this definition, is not equal to NIMEP since the cycle over which the
Vd
pressure is integrated (from -30 degrees aTDCf over 720 degrees) does not correspond to the traditional definition
of an engine cycle (integration from -360 degrees aTDCf over 720 degrees). This point will be discussed in
4PdV
significant detail in Chapter 4. For now, it is sufficient to note that the quantity will be referred to as MEP
Vd
throughout this thesis.
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Engine and the development of the closed-loop controller to be described in Chapter 5: Model
Development and Closed-Loop Control of the CAT Engine.
d Mapping UEgn
of dto u
Figure 3.1 Schematic of Open-Loop Controller
3.2 Mapping of Input versus Output
The required inputs are said to be "mapped" functions of the desired outputs. For the
CAI engine operating at a particular engine speed, IMT and engine coolant temperature, the
mapping of required input versus desired output for a given cycle i, took the form of:
ui = Md.1 +c, (1)
where u is the [3x1] vector of required input, d+1 is the [2x1]vector of desired output, M is a
[3x2] matrix of constants and cu is a [3xl] vector of constants. The subscripts i and i+1
reference a particular engine cycle as depicted in Figure 3.2. Note that the inputs u are imposed
on the engine during cycle i but that the outputs y, correspond to the cycle in which they are
calculated, not the cycle in which they are produced. For example, in Figure 3.2, the quantity
PdV
is denoted MEP+1 since it cannot be calculated until cycle i has ended and cycle i+1 has
VA
begun. Although the subscript definitions may appear confusing in the context of open-loop
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control, they were defined in this way to faciliate the construction of the closed-loop controller as
will become apparent in Chapter 5.
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3.2.1 Experimental Data
In order to determine the matrices M and c., the CAI engine was run with nine distinct
combinations of input. The inputs were chosen such that the engine output would span the range
of feasible MEP at 1500 rpm; i.e. approximately 3.25 bar as limited by combustion instability to
approximately 4.75 bar as limited by engine knock. The engine was run with stoichiometric (4
=1), lean (4<1) and rich ( >I) exhaust gas fuel-air equivalence ratios. Since the input is not
continuous, but rather constrained to integer multiples of one crank angle degree, it was
impossible to achieve the exact same value of MEP at each of the three values of #. It was also
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impossible to achieve the exact same values of #. at the three levels of MEP. As such, there are
actually nine levels of MEP and nine levels of #, instead of three levels of each. Note that any
number of combinations of 0, IVC and EVC could have been chosen to obtain a reasonable range
of MEP and 0. The particular input combinations in this study were selected because they
produced minimal knock at high values of MEP and acceptable combustion stability at low
values of MEP. There was no effort made to optimize fuel consumption or to minimize
emissions. Table 3.1 summarizes the nine combinations of MEP and # and the corresponding
values of Ofue,, IVC and EVC used to produce each combination of output. It should be noted that
since neither MEP nor # are constant for a given set of input, the values of MEP and # in Table
3.1 are equal to the average output of the CAI engine over 1000 cycles. Figure 3.3 depicts the
time-history of MEP for a stoichiometric equivalence ratio. Close inspection of Figure 3.3
reveals an increase in the cycle-to-cycle variability of MEP as the mean value increases. Since
there is no feedback, this cycle-to-cycle variability is of little interest when discussing open loop
control of the CAI engine. However, when considering feedback or closed-loop control, cycle-
to-cycle variability can be extremely important. Figure 3.4 depicts the time-history of # for a
median value of MEP. Here too there is evidence of cycle-to-cycle variability though, in this
case, the variability increases with decreasing equivalence ratio. The standard deviations of the
percent errors in MEP and #, calculated relative to their mean values are tabulated in Table 3.2
for all 9 input combinations.
Table 3.1 Mean Values of MEP and 0 versus Ofue, IVC and EVC
NIMEP (bar 4.76 4.79 4.49 4.09 4.08 3.97 3.33 3.38 3.37
1.03 1.00 0.96 1.03 1.00 .95 1.03 0.99 0.95
Oruel 69 66 63 60 59 57 52 51 50
IVC (deg) 567 570 573 561 564 564 555 557 557
EVC (deg) 279 280 281 267 268 270 256 257 259
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Table 3.2 Standard Deviations of the Percent Errors in MEP and 0 Versus Mean Values
MEP
Mean (bar) 4.76 4.79 4.49 4.09 4.08 3.97 3.33 3.38 3.37
Std Dev 3.418 2.495 3.001 2.155 1.989 1.840 2.780 2.137 1.494
Mean - 1.03 1.00 0.96 1.03 1.00 .95 1.03 0.99 0.95
Std Dev 0.919 1.172 0.925 1.087 1.010 1.305 1.000 1.144 0.940
3.2.2 Mapping
The determination of M and c,, in equation (1) requires the solution of an under
constrained problem; i.e. 18 equations (2 output equations for each of the 9 input combinations)
but only 9 unknowns (M is a [3x2] matrix and c,.is a [3x1] vector). Minimization of the
function:
9 2
F= (Myi +CU -u) (2)
where yi,+ is the mean output corresponding to input combination uj, using lsqnonlin.m in
MATLAB yielded values of M and c,, equal to:
0.79920618963940 0.55263171952509 [-5.35984578333192
M = -0.09292976675618 0.14137578883518 cU = 1.94048186020602
-0.85746147724218 0.73130332108020] L 2.55117492715299]
Substitution of M and cu into equation (1), subject to the values of MEP and # in Table
3.1, does not yield the inputs listed in Table 3.1. This is because instead of MEP, #, Ofuel, IVC
and EVC, their functional equivalents equal to ln(MEP), ln(#), ln(Mfuel), ln(Vvc) and ln(VEvc)
were used instead. These substitutions were made to improve the results of the system
identification process and are described in great detail in Chapter 4: System Identification and
Model Development of the CAI Engine. There inclusion here does not have any affect on the
open-loop control of the CAI engine.
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A comparison of the angles corresponding to the actual input with the angles calculated
using the mapping function of equation (1) is depicted in Figure 3.5. Note that the angles
corresponding to the mapped values of input have been rounded to the nearest integer since the
inputs are constrained to integral multiples of one crank angle degree. The mapping would seem
to be quite good since no errors are greater than 2% and only a few exceed 1%. However, as
Figure 3.6 shows, a comparison of angles can be misleading. A far better evaluation of the
mapping would be to compare the errors of the actual values; i.e. the mass of fuel injected and
the volumes at IVC and EVC. Since the mass of fuel injected is proportional to the duration of
the injection event, see Chapter 2: Experimental Set-Up of the CAI Engine, it is not
surprising that the percent errors relative to fuel are unchanged. However, the percent errors in
the volumes, especially at EVC, do change appreciably because of the non-linear relationship
between volume and crank angle. For four of the input combinations, the error magnitudes for
VEVC are in excess of 2% with one approaching 3% and one approaching 5%. Some might find it
surprising that the percent errors related to IVC do not increase like those related to EVC. In fact,
close inspection of Figures 3.5 and 3.6 shows that, for some input combinations, the errors
related to IVC actually decrease. Figure 3.7 shows why. Over the range of IVC, the in-cylinder
volume changes very little. In fact, at very early values of IVC; i.e. those closest to 540 degrees
aTDCf, it is not inconceivable that the percent error in volume due to an error in IVC is less than
the percent error in IVC itself. Conversely, the in-cylinder volume both changes rapidly and is
smaller over the range of EVC. As such, small percent errors in EVC can generate significant
percent errors in volume. Regardless of their cause, with errors of this magnitude, it is not
difficult to imagine that the open-loop controller will fail to deliver the desired output,
particularly with regard to #. Considering only those instances when the desired # is equal to 1,
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Figure 3.6 suggests that # should be high when the desired MEP is high since the injected fuel
quantity will be too high. At low values of desired MEP, there is no error in either the mapped
fuel quantity or mapped volume at EVC suggesting # should be accurate. 0 should also be
accurate at moderate values of desired MEP since the errors in injected fuel quantity (too much)
and volume at EVC (too little) will cancel each other out.
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3.3 Open-Loop Control of the CAI Engine, Results
Open-loop control of the CAI engine was evaluated to determine how well the controller
could manage changes in desired MEP, changes in engine speed and changes in IMT both in
terms of steady-state tracking error and of time response. The value of # was fixed at one since
it was assumed the CAI/SI engine would always run with a stoichiometric fuel-air ratio. Typical
time-histories of desired MEP, engine speed and IMT are depicted in Figures 3.8 through 3.10.
In Figure 3.8, the desired MEP ranges from a low of 3.5 bar to a high of 4.5 bar. Between
transitions, MEP is constant for 3 seconds (approximately 38 engine cycles at 1500 rpm).
Transitions occur over 0.25 second (approximately 3 engine cycles at 1500 rpm). In this study, a
PID controller on the dynamometer was used to maintain a target engine speed regardless of the
load applied. Engine speed transients were possible since the target engine speed could be
adjusted "by hand" with the engine running. However, the rate at which the target engine speed
could be varied was limited by instabilities in the dynamometer system. Figure 3.9 depicts
typical time histories of engine speed when the target engine speed is a constant and when the
target engine speed is varied "by hand". Finally, an on/off controller was used to regulate IMT to
either 120 +0/-2 C or 120 +0/-20 C. Since the thermocouple used to monitor IMT was located a
significant distance downstream of the intake air heater, excursions above and below the set
points were possible. Recall that Figure 2.8 depicts typical time histories of IMT. For
convenience, that figure is repeated here.
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3.3.1 Time-Varying MEP
Figure 3.10 compares the output of the CAI engine subject to open-loop control and the
indicated time-varying MEP to the desired output. Again, the desired value of # is 1. In general,
MEP is higher than expected whereas # is low, accurate and high at high, accurate and low
valves, respectively of desired MEP. Recall that the data in Figure 3.6 predicted a different
trend; namely that # should be high when the desired MEP was high but otherwise accurate and
that MEP should be high when the desired MEP was moderate but otherwise accurate. This is
not to suggest that either the mapping of desired output to required input or the data presented in
Figure 3.10 is incorrect. Rather it illustrates the ease with which the CAI engine output, despite
similar or even identical input, can vary due to changes in parameters that were not considered in
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the mapping process. Figure 3.11 plots the probability distribution of percent errors in output of
the CAI engine. The horizontal axis denotes the percent error in MEP and # while the vertical
axis denotes the percentage of engine cycles that have the indicated percent error (in bin size of
1%). Ideally, the distributions should be centered about the zero x-value with minimal spread.
Here, the distribution supports the observation that, in general, MEP is too high and that # is too
low. Finally, a typical time history of input to the CAI engine subject to open-loop control is
depicted in Figure 3.12. To facilitate plotting, IVC and EVC are given as angles from their
respective bottom-dead-center (BDC) angles; i.e. 540 and 180 degrees aTDCf, respectively. In
this data set, the engine speed was nearly constant (within less than 1%) so it is acceptable to
represent the injected fuel quantity as a duration (in degrees). In data sets where engine speed
varies, injection duration is misleading. In those instances, injected fuel mass must be depicted.
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3.3.2 Time-Varying Engine Speed
Figure 3.13 compares the output of the CAI engine subject to open-loop control and the
indicated time-varying engine speed to the desired output. It is not surprising that MEP is nearly
constant since the open-loop controller is specifying a constant mass of injected fuel, Muei,
despite the changing engine speed. Figure 3.14 depicts the time history of Ofuel, IVC, EVC and
Mfei. Notice that as engine speed changes, Oful must also change so that Muei remains a
constant. The cycle-to-cycle variations in injected fuel quantity are caused by the limitation
imposed on the fuel injection system that injection duration must be an integral value of crank
angle. The injector calibration slope was approximately 2.3 mg/ms. At a speed of 1375 rpm, the
fuel mass resolution for one degree crank angle was approximately 0.28 mg. For a nominal mass
of approximately 14 mg, the error was less than 2 %. As speed increased, this error decreased.
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Figure 3.14 Inputs to CAI Engine, Time-Varying RPM, Open-Loop
Since the engine speed corresponding to the data depicted in Figure 3.14 only varied by
+/- 100 rpm (see Figure 3.9), the changes in # were unexpected. In an effort to better understand
these changes, a second test was conducted in which the in-cylinder pressure of every cycle was
recorded. Figure 3.15 compares the in-cylinder pressure from two engine cycles, one for which
# is high and one for which 0 is low. It is possible that manifold dynamics affect the mass of
fresh air inducted into the cylinder and thus 0. However, a comparison of the in-cylinder
pressure traces that shows the pressures during the intake and exhaust valve events are nearly
identical for the two cycles. However, noticeable differences in pressure between EVC and IVO3
are evident in the two cycles. Closer inspection of the in-cylinder pressures reveals that the cycle
with low q has a later EVC than the cycle with high #. In general, early/late EVC traps more/less
3 Recall that closing of the intake and exhaust valves generates a spikes in the in-cylinder pressure caused by
mechanical impact between the valve and cylinder head
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exhaust gas residual thereby leading to higher/lower values of # since the amount of fresh air that
can be inducted into the cylinder is decreased/increased. Of course, this assumes that the mass of
fuel inducted into the cylinder is not affected by EVC. Since the fuel spray is directed just
upstream and at the backside of the intake valve and IMT is at least 100 "C, this assumption
seems reasonable. The dependence of # on EVC is clearly illustrated in Figure 3.16. All that
remains to prove a dependence of 0 on engine speed is to show that EVC is also a function of
engine speed. As expected, Figure 3.17 shows that as engine speed increases/decreases, EVC is
advanced/retarded 4. The dependence of EVC on engine speed is unfortunate but not significant
with regard to the successful completion of this study. If anything, this dependence only
introduces another parameter for which the closed-loop controller must be able to compensate.
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Figure 3.15 Comparison of In-Cylinder Pressures Corresponding to Different Values of #
4 The valve controller is designed to correct for changes in engine speed; i.e. as engine speed increases/decreases,
the bottom boost current should turn on sooner/later. Unfortunately, it appears the controller is overcorrecting.
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Finally Figure 3.18 depicts the output of the second test of the CAI subject to open-loop
control and a time-varying engine speed. Note the two tests were done on different days. A
comparison of this figure with Figure 3.13 shows similar trends in the output but different
magnitudes. In general, the MEP and # from the second data set are lower than those from the
first. This is yet another example of the limitations imposed on engine performance by the open-
loop controller. It simply cannot account for all changes in parameters that might affect CAI
engine performance that are unknown to the operator.
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Figure 3.18 CAI Engine Performance, Time-Varying RPM, Open-Loop (2)
3.3.3 Time-Varying IMT
Figure 3.19 compares the output of the CAI engine subject to open-loop control and the
indicated time-varying IMT to the desired output. Again, the constant MEP is indicative of the
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fact that the injected fuel quantity is a constant. The low initial value of b and its gradual
decrease can be attributed to the indicated reduction in IMT. As IMT decreases, the density of
the incoming charge and thus its mass for a given volume increases. Since the injected mass of
fuel is a constant, # must decrease. A temperature change of 116 to 100 C, increases the air
density by 4 %. Because of the high residual gas fraction, $ was observed to decrease by 2 %.
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Figure 3.19 CAI Engine Performance, Time-Varying IMT, Open-Loop
3.3.4 Time-Varying MEP, Engine Speed and IMT
Figure 3.20 compares the output of the CAI engine subject to open-loop control of a
targeted time-varying MEP with 0 equal to one. Simultaneously, the engine speed and IMT were
varied. The effects that changes in speed and IMT have on # and MEP are readily apparent and
concur with previously discussed results. The distribution of errors is depicted in Figure 3.21.
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3.4 Conclusions
An open-loop controller was constructed by mapping the steady-state output of the CAI
engine to its input. Output of the CAI engine subject to the open-loop controller was presented
for MEP between 3.5 and 4.5 bar, for engine speeds between 1350 and 1650 rpm and for IMT
between 100 and 120 C. The effects of these parameters on the output of the CAI engine are
explained below.
An increase/decrease in engine speed was found to increase/decrease #. This effect was
not a function of manifold dynamics but rather on a failure of the VVT control algorithm to
properly account for changes in engine speed. As engine speed increases/decreases, the actual
value of EVC advances/retards, which in turn, traps more/less exhaust gas residual. As the mass
of trapped exhaust gas residual increases/decreases the mass of fresh air that can be inducted into
the cylinder decreases/increases. Since the mass of fuel is independent of engine speed, #
increases/decreases with decreasing/increasing mass of inducted fresh air. Similarly, an
increase/decrease in IMT leads to an increase/decrease in $. The density and thus mass of the
inducted fresh air decreases as IMT increases and vice versa. Since the mass of fuel is
independent of engine speed, an increase/decrease in the mass of fresh air decreases/increases $.
The open-loop controller has no mechanism for output feedback, errors in the output of
the CAI engine go uncorrected. Since these errors can be relatively large and would almost
certainly effect customer satisfaction, it is concluded that the open-loop controller is not a
suitable means of controlling the CAI engine. However, despite its shortcomings, the open-loop
controller represents a critical step in the development of the closed-loop controller and is, in
fact, a critical component of that controller.
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Chapter 4: System Identification of the CAI Engine
4.1 Introduction
In Chapter 3: Open-Loop Control of the CAI Engine, Figure 3.1 depicts a schematic
of the open-loop control system. It shows a target vector d containing the desired
J PdV
MEP, (integration from -30 degrees aTDCf over 720 degrees) , and fuel-air equivalence
Vd
ratio, #, being mapped to an input vector u containing the required quantity of fuel to be injected,
Mfuel, the angle at which the intake valve closes, IVC, and the angle at which the exhaust valve
closes, EVC. The input is applied to the CAI engine which, in turn, produces an output
represented by the vector y which contains the measured MEP and #. The engine, itself, is
depicted as a "black box" meaning the relationship between the input vector u and the output
vector y is unspecified. In this chapter,a representation of the CAI engine that relates its output
to its input will be developed. It is assumed that this relationship is linear over the domain of
interest and thus takes the following mathematical form:
x 11 =Ax, + Bu, +c, (1)
y1 = Cx, + Du, + c, (2)
As indicated above, u and y are the input vector to and output vector from the engine,
respectively. x is termed the state vector. Notice that in this form, the state vector, x, and input
vector, u of cycle i, together with vector constants c, and cy, uniquely define the state and output
vector y of cycle i+]. The composition of the state vector x will be discussed later in this
chapter. are vectors of constants. The inclusion of vectors cx and cy in equations (1) and (2),
although unusual, has no effect on the assumed linearity of the CAI engine system. Figure 4.1
The subscript on y is usually i, not i+]. Writing the output equation in this form has no effect on the system
identification, modeling or control processes. It simply facilitates "bookkeeping".
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depicts a graphical representation of equations (1) and (2). It is a block diagram of the engine
system. In the block diagram, matrix operators are depicted as squares; arrows depict the
information flow directions and circles with a plus sign inside depict summing junctions. The
matrix z-I simply maps the state vector backward by one engine cycle.
Cx
X i+1 X i
ui + I C +
I Engine c
Figure 4.1 Block Diagram of the CAI Engine
4.2 Engine Cycle Defined
At this time, it is appropriate to define what is meant by an engine cycle and how the
state, input and output vectors are referenced within that cycle. For convenience Figure 3.2 is
reprinted here. Figure 3.2 depicts a plot of in-cylinder pressure versus crank angle with crank
angle referenced to top-dead-center firing (TDCf). In this study, crank angles before and after
TDCf are denoted bTDCf and aTDCf, respectively. Beginning at 0 degrees or TDCf, we see that
combustion occurs relatively early in the expansion stroke. With the piston approaching bottom-
dead-center (BDC) the exhaust valve opens allowing some exhaust gas to escape the cylinder.
Note that in this study, the timing of exhaust valve opening was a constant equal to 150 degrees
aTDCf. An early closing of the exhaust valve; i.e. somewhere between 240 and 280 degrees
aTDCf, traps exhaust gas in the cylinder leading to a substantial increase in pressure about 360
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degrees aTDCf. Symmetric to EVC about 360 degrees aTDCf, the intake valve opens. Fresh air
and fuel, which is injected into the intake manifold over a duration of Ofuel, are inducted into the
cylinder and mix with the exhaust gas residual. Somewhere between 540 degrees aTDCf and
580 degrees aTDCf the intake valve closes. Since CAI combustion is a chemical kinetic process,
the in-cylinder state of the mixture of exhaust gas, fresh air and fuel is what controls the ensuing
combustion event and the start of the next cycle.
Before continuing, it is worthwhile to remind the reader that the input subscripts
reference the cycle in which the inputs are applied to the engine while the state vector subscripts
define the state at the start of the indicated cycle. However, the output subscripts reference the
cycle in which the output was calculated. For instance, the mean effective pressure of cycle i is
calculated at the start of cycle i+1. Following this convention, yi+12 is thus defined to be:
4PdV
[ MEj= 1 Vd (3)
0=-10
16
2 Notice that #,l is the average value of # measured over 16 crank angle degrees at the end of the controller cycle
where the controller cycle was previously defined as -715 degrees aTDCf to 5 degrees aTDCf.
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Figure 3.2 CAI Cycle Defined (Reprinted)
As stated above, combustion in a CAI engine is a chemical kinetic process that is
independent of an external ignition source. The initiation of the chemical kinetic process is a
function of the mixture composition and its temperature and pressure prior to TDCf. Of course,
the in-cylinder state of the gas mixture is in constant flux as it depends on the location and
velocity of the piston, heat transfer to the cylinder head, liner walls and piston and leakage past
the piston rings. In this study, the effects of heat transfer and leakage were neglected, not
because they had negligible effect on the in-cylinder state of the gas but rather because those
effects were assumed to vary little over the relatively small range of engine load and speed
considered in this study. Also, by considering the state of the in-cylinder gas at only one crank
angle; namely 30 degrees bTDCf, the effect of piston location or equivalently, in-cylinder
volume, was the same for all cycles.
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At this time, it is worth mentioning that the cycle described above differs from the
traditional definition of an engine cycle. The traditional engine cycle begins at 360 degrees
bTDCf and ends at 360 degrees aTDCf. With the cycle defined from 360 degrees bTDCf to 360
degrees aTDCf, the in-cylinder mass can be assumed, to a first approximation, to be constant and
unique for a given engine cycle. Said, another way, the traditional engine cycle begins with the
induction of fresh fuel and air and ends with the expulsion of the products of combustion of that
fresh fuel and air. As such, the outputs of any two or more cycles can be normalized by the in-
cylinder mass and easily compared.
4.3 In-Cylinder State Defined
At 30 degrees bTDCf, as well as at any crank angle within the engine cycle, the state of
the in-cylinder gas mixture can described by the ideal gas equation of state:
(Pv )30 = (NRT)_30  (4)
where P is the gas pressure, V is the confined volume of the gas, N is the molar quantity of gas, R
is the ideal gas constant equal to 8.314 J/kg-mol and T is the gas temperature. Multiplying and
dividing the right hand side of equation by the total mass M of the gas mixture:
M = M =3NjW (5)
J I
where M, N and W are the mass, molar quantity and molecular weight, respectively, of species
j. gives the mass form of the ideal gas equation of state:
(PV)_30 = (MRT) 30  (6)
where R is the specific ideal gas constant equal to:
NR= R N(7)
~ M
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At all points in the CAI cycle, the in-cylinder volume is known as it is easily calculated
from the geometry of the power cylinder components. As illustrated in Figure 3.2, P is known at
increments of 1 crank angle. And finally, as stated above, R is a constant. Recognizing that:
N = N (8)
the only unknowns in equation (4) through (8) are the molar quantities N and temperature T. It
should be obvious that knowledge of either uniquely defines the state of the in-cylinder gas
mixture. Unfortunately, given the flow dynamics and short in-cylinder residence times, both
quantities are difficult to measure directly.
Since neither T nor N can be easily measured directly, a technique for calculating the
molar quantities at -30 degrees aTDCf was developed. In the aggregate:
N = Nfuel,fre + Nairfresh + Nres (9)
Nfelfresh is the molar quantity of fuel in the cylinder. It is assumed that Nfuelfresh is equal to the
molar quantity of fuel injected into the intake port during the previous cycle Nfuel,injected, a known
quantity. (Since the port wall and air temperatures were high; i.e. in excess of 120 C, the port
fuel dynamic effects were assumed to be small.) Nairfresh is the molar quantity of fresh air in the
cylinder. Its make-up is assumed to be 3.76 moles of nitrogen (N2) for every mole of oxygen
(02). Since the CAI engine in this study was subject to nearly continuous load and speed
transients, it was not possible to measure Nairfresh directly. It is, however, possible to calculate
Nairfresh if Nres, the molar quantity of residual, and the fuel-air equivalence ratio of the in-cylinder
mixture at 30 degrees bTDCf, 0.3O, are known. It should be obvious that #-30 cannot be known
prior to the sampling of the resultant exhaust gas by the ETAS exhaust gas sensor. However,
since a system identification process was performed off-line using a large amount of recorded
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data, it was possible to determine #O30 for cycle i , #az in our notation, by looking at the values of
# measured in subsequent cycles.
The specified response time of the exhaust gas sensor is 20 to 100 ms from 10% to 90%
with "optimal positioning in the exhaust stream". Recall that while operating in CAI mode, the
exhaust valve always opens at 150 degrees aTDCf. If the exhaust gas is sensed at the end of the
CAI cycle or at 690 degrees aTDCf, the sensor has, at most, 540 degrees (excluding transport
delay) to respond to changes in fuel-air equivalence ratio. At 1500 rpm, the predominant engine
speed in this study, the clock-time equivalent of 540 degrees is 60 ms. The available time and
the recommended time are nearly equal. As such, it is not possible, from this simple analysis, to
determine which subsequent cycle accurately reports the in-cylinder fuel-air equivalence ratio of
cycle i.
Instead, it was necessary to experimentally determine the subsequent cycle during which
the in-cylinder fuel-air equivalence ratio of cycle i is accurately reported. To do this the CAI
engine was run at 1500 rpm in CAI mode with constant intake and exhaust valve timing events.
The fuel was varied so that the engine alternately ran lean, stoichiometric and rich. Figure 4.2
depicts the reported values of # versus fuel injection duration. Notice that the reported value of #
indicates an immediate response to changes in injected fuel quantity but does not fully respond to
those changes for a minimum of 3-5 engine cycles. However, the range and rate of change of #
seem quite large, especially in light of the fact that throughout this study, the desired value of #
is a constant equal to 1. As such, it was assumed that for the purposes of system identification,
the ETAS exhaust gas sensor was capable of immediately responding to and reporting changes in
the exhaust gas fuel-air equivalence ratio.
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Figure 4.2 Response of the Exhaust Gas Sensor to Changes in Fuel Quantity
The calculation of Nairfresh begins with the definition of the fuel-air equivalence ratio at
30 degrees bTDCf:
(10)(A/F),(A/F)a
where A/F is the mass ratio of air to fuel and the subscripts s and a indicate stoichiometric and
actual, respectively. Rearranging equation (5) yields an expression for the mass of air:
Mairtow - Mfuel total (A/F ),
-30
Unfortunately, the terms Mairtotai and Mfuel,total in equation (11) do not differentiate between the
fuel and air freshly inducted from any unburned hydrocarbons (HC) and 02 (plus 3.76 parts N2)
present in the exhaust residual. Differentiating between the fresh and residual species yields the
following expressions for Mair Iota! and Muei,totaI:
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Mairtota = M airfresh + Mair. =Mairfresh + NO2,re,(WO2 +3.76WN2) (12)
Mueto,, = Melfre + MHC = Melfresh + NHc WHC (13)
Recognizing that the molar quantity of any gas species, X, in a closed volume is equal to:
NX = Nta[X] (14)
where [X] is the concentration of species X, equations (12) and (13) can be rewritten in terms of
the molar quantity and concentrations of the residual gas species.
Mairtoal = Mairfresh + Mairres = Mair,fresh + Nres[O2rs iKW2 + 3.76WN2) (15)
Mfeltotal = Mue,,fesh + MHC = Mfelfresh + N,,s [HCWHC (16)
Combining equations (11), (15) and (16) yields an expression for the mass of fresh air in the
cylinder at 30 degrees bTDCf:
Mairfesh = (Mielfresh + N. HWHC )03F - N,.,[02resWO 2 +3.76WN 2  (17)
Note that at this point, it is still not possible to solve for Mairfresh since Nres, [HC] and [O2res] are,
as yet, unknown.
Prior to performing the system identification, the in-cylinder species concentrations were
determined as a function of $. In this study, the exhaust gas was assumed to consist of carbon
dioxide (CO2), carbon monoxide (CO), water vapor (H2 0), 02, N2, hydrogen (H2) and HC. With
the engine operating in steady-state CAI mode, a Horiba Automotive Emission Gas Analyzer
(MEXA-554J), was used to determine the concentrations of species in the exhaust as a function
of 0. Note that it was necessary to multiply the reported concentration of HC by 3 since the
analyzer assumes the HC is propane (C3H8), when, in fact, it is CJH1.85, and then by 2 since
the method used to determine the HC concentration, nondispersive infrared analysis (NDIR), has
been shown to underreport HC concentrations by that amount. Figure 4.3 depicts the
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concentrations versus 0 and the empirical relationships used in this study. Using these empirical
relationships, it is simple to determine [HC] and [02,res] as a function of q in equation (17) Note
however that Nres is still unknown.
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Figure 4.3 Exhaust Gas Species Composition versus #
With the CAL/SI engine operating in CAI mode, there is no overlap between the exhaust
and intake valve events; i.e. the valves are never open at the same time. Since it is also assumed
that no exhaust gas escapes the cylinder between intake valve opening (IVO) and intake valve
closing and that all chemical reactions have ceased prior to exhaust valve opening, it is
reasonable to say that Nres is equal to the quantity of exhaust gas trapped in the cylinder between
EVC and IVO. Application of the Laws of Thermodynamics and the ideal gas equation to that
trapped gas yields an estimate of Nres.
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Consider the period between the closing of the exhaust valve and the opening of the
intake valve. First we assume that the trapped charge undergoes a process that is both reversible
and adiabatic; i.e. an isentropic process, such that the ratio of specific heats at constant pressure
(subscript p) and constant volume (subscript v), y, is given by:
C (18)CV
Polynomial approximations of c, and c, for an ideal gas mixture, like those shown in equations
(19) and (20), can be found in many thermodynamic textbooks.
C= [EX,(a, +b1 T+cjT2) (19)
C- =X[XIVW(a. + b T +cT 2 - R) (20)
Then we note that the pressure and volume of an ideal gas subject to an isentropic
expansion or compression are related by:
PV" = constant (21)
For many non-isentropic processes, P and V may still be approximated by equation (21) though it
is necessary to replace Y with a polytropic exponent p. To find that particular crank angle where
the exhaust gas residual is indeed undergoing an isentropic process, first assume that, at all crank
angles between EVC and IVO, the exhaust gas residual is, in fact, experiencing an isentropic
process. At each crank angle, y can be calculated by taking the negative of the derivative of a
second order, least-squares polynomial fit of log P versus log V, like that depicted in Figure 4.4.
With yknown, the in-cylinder temperature at each crank angle between EVC and IVO can be
calculated through simultaneous solution of equations (18), (19) and (20), again assuming an
isentropic process at all angles.
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Figure 4.4 In[P] versus In[VJ between EVC and IVO
Substitution of the assumed isentropic temperature versus crank angle along with the
known values of pressure and volume versus crank angle into the ideal gas equation of state,
equation (4), yields a crank angle history of Nres,iseniropic. Recall that an additional constraint
placed upon the exhaust gas residual is that its molar quantity is constant between EVC and IVO.
It should be obvious from Figure 4.5 that the calculated values of Nresisentropic are not a constant
except at that crank angle where Nres,isentropic is a minimum. We say then that, at that crank angle,
Nres is equal to Nresisentropic.
Having determined Nres, it is now possible to determine Mirresh using equation (17) and
to determine Mres using the following:
M,,, = N,.,X xi
Also, since the total mass, M, is given by:
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(22)
M = Melfresh + Mairfresh + Mres (23)
it is easy to calculate R using equation (7). Finally, the temperature, T, can be calculated using
the mass form of the ideal gas equation of state, equation (6).
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Figure 4.5 Crank Angle History of Nres, Assuming An Isentropic Process
To summarize, the in-cylinder state of the gas mixture at 30 degrees bTDCf is uniquely
defined by the following state variables in vector form:
Mfe,,fesh
Auair fresh
x= Mres (24)
Oes
Note that in this study, # was always maintained to within a few percent of one or very nearly
always stoichiometric. As such, it can be assumed that the residual gas species concentrations
are nearly constant and that Mfueltoial and Mair,totai can be adequately approximated by Mfuelfresh
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Nres is a constant here
and Mairfresh, respectively. With these assumptions, the state vector's dimension can be reduced
by two leaving:
Mfrel fresh
Mairfresh (25)
Mres
P-30
4.4 System Identification
The objective of the system identification is to determine matrices A, B, C and D and
vectors c, and c, such that equations (1) and (2) form a suitable representation of the CAI engine.
For some simple systems; i.e. a mass, spring and damper system, it is possible to calculate these
matrices directly from first principles and the physical characteristics of the system; i.e. from the
mass of the block, the spring constant and the damping coefficient. For complex systems, the
system identification is largely empirical and equations (1) and (2) bear no obvious resemblance
to the physical characteristics of the system. The CAI engine falls somewhere in between.
Portions of the system identification proceed directly from first principles and the known
characteristics of the system. The remainder is developed empirically.
The input to the engine and resultant output used in the system identification are depicted
in Figures 4.6 and 4.7, respectively. This data was generated using the open-loop controller
described in Chapter 3. The desired values of MEP and 0 were both varied and the transitions
between levels of desired output took 1 second. This is in contrast to the seconds transitions
that characterize the time-history of MEP used to evaluate the open-loop and closed-loop
controllers. In the system identification, engine speed was equal to 1500 rpm and IMT was
controlled to 120 +0/-2 "C as depicted in Figure 4.8.
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4.4.1 System Identification From First Principles
Consider the pressure at 30 degrees bTDCf. To a first approximation, that pressure
should satisfy the following equation:
P-30Vi 0 = PV|C = constant (26)
Since the CAI/SI engine runs unthrottled in CAI mode, it is reasonable to assume that the
pressure at intake valve closing is equal to one bar giving:
f 30 = (VVC /V_,0 )' (27 )
Obviously, equation (27) is a non-linear equation and thus does not fit well the form of equation
(1). However, if one were to take the natural log of both sides of equation (27) a linear
relationship between the natural log of P.30, the natural log of Vjvc and a constant results:
in(P 30 )= y In Vrc - y in V_30 (28)
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Note that if, instead of P-30, the state variable were ln(P.3o) and if, instead of IVC, the input
variable was its functional equivalent ln(Vivc), equation (28) would fit perfectly the form of
equation (1). Figure 4.9 compares the in-cylinder pressure measured at -30 degrees aTDCf to
that calculated using equation (28) with y equal to 1.305. Since this simplified representation
fails to account for either variations in the mixture composition or its temperature, it is not
surprising that the fit is not exact. However, considering the fit only includes the contributions
of one of the three inputs and none of the states of the previous cycle, it is a good first step in
developing an accurate representation of the cycle-by-cycle dependence of P..30.
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Figure 4.9 In-Cylinder Pressure at -30 degrees aTDCf, First Principles Representation
Consider now the mass of exhaust gas residual. The total in-cylinder mass at -30 degrees
aTDCf as given by equation (23), can be rewritten in terms of the percent mass of exhaust gas
residual, %res, instead of Mres such that:
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-A -
-A
M =M f + M +M =M fuel, fresh + MairfreshM fuel ,fresh air,fresh res 91- res (2 )
100
As such, there is no reason why %res cannot replace Mres as a state variable in the state vector:
1 3
fMe freshi (30)
Mair fresh
, es
To a good first approximation, the mass percentage of exhaust gas residual in the cylinder is:
%res =100a VEVC IVC (31)
where a is constant of proportionality that compensates for the different temperatures and
species compositions of the exhaust gas residual and intake charge. Like equation (27), equation
(31) does not fit well the form of equation (1). However, if, again, one takes the natural log of
both sides of equation (31), a linear relationship between the natural log of %res, the natural logs
of VEVC and Vivc and a constant results:
Inf(% ),, = In(1 00)+ ln(a)+ in(VEVC in(V) (32)
Note that previously, the input IVC was replaced with its functional equivalent ln(Vvc). Here,
the input EVC is also replaced with its functional equivalent ln(VEvc). Figure 4.10 compares the
measured mass percentage of exhaust gas residual to that calculated using equation (32) with
ln(cc) equal to 0.7078. Aside from the noise, the correlation between the two is obviously quite
good.
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Figure 4.10 Mass Percentage of Exhaust Gas Residual, First Principles Representation
Now consider the fuel-air equivalence ratio given by:
O= , / MIF ,, (33)Mairo /Mjjueitotal
Since, in this study, # is kept within a few percent of one, it is reasonable to assume that the fresh
masses of fuel and air are very nearly equal to the total masses of fuel and air3 such that:
(A/F),
Mairftresh /Mpefe,, (34)
Again, taking the natural log of both sides of equation (34) yields a linear relationship between
ln(), ln(Mfuelfresh) and ln(Mairfresh) that fits well the form of equation (2) provided the state
variables Mfuelfresh and Mairfresh have been replaced with their functional equivalents ln(Mfuelfresh)
and ln(Mairfresh), respectively, and # has been replaced with its functional equivalent ln(#).
3 Traces of 02 (combined with 3.76 parts N2) and unburned HC in the exhaust gas residual are ignored.
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In(#) = ln((A/F),)+ ln(MfeI, fsh)- ln(Mair,fresh ) (35)
Before comparing the measured values of # to those calculated using the representation
developed in the system identification, it should be noted that the output variable #,1 is a
function of the state variables only since it is a function of the in-cylinder species concentrations
at the start of cycle i. Any input to the engine during cycle i affect the state at the start of cycle
i+1 and thus the value of b i+2. As such, columns 1-3 of the second row of matrix D in equation
(2) contain only zeros. Figure 4.11 compares the measured value of # to that calculated with
equation (35). The representation derived from the system identification process obviously does
a very good job at predicting # equal to one or greater. Since the representation does not account
for 02 (and 3.76 parts N2) in the exhaust, lean values of 0 are over predicted.
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Figure 4.11 Exhaust Gas Fuel-Air Equivalence Ratio, First Principles Representation
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Finally, consider the state variable Mfuelfresh. Recall that one of the key assumptions in
the thermodynamic analysis of the state variables was that the mass of fuel in the cylinder at -30
degrees aTDCf of cycle i was exactly equal to the mass of fuel injected into the intake port
during cycle i-1. This assumption, written in the form of equation (1), gives:
Mfuel,fresh = Mfuel,injected (36)
Since the state variable Mfuelfresh has already been replaced by its functional equivalent
ln(Mfuelfresh), it is appropriate to replace the input variable MfueLinjeceed with its functional
equivalent ln(Mfuel,injected) to give:
ln(Mfue,fresh)= ln(Mfel,,njeced) (37)
Before moving on to the empirical portion of the system identification process, it is
worthwhile to show the state and input vectors in their final forms and to show equations (1) and
(2) with matrices A, B, C and D and vectors c, and cy partially filled-in. Entries not yet
calculated using first principles are denoted by a ?. Finally, for no reason other than to maintain
consistency, MEP has been replaced with its functional equivalent ln(MEP).[ l(Mfuel,fresh) -0 0 0 0TIn(Mfuel,fresh 1 0 Ol-in (Mfuel injected 0
ln(Mairfresh) ? ? ? ? ln(Mairfresh) 9ue 9 je1t +
ln(%,.,) =? ? ? ? in(%rs) +? -n(VIVC) + n(100)+ n(a) (38)
1 sn(P-30  ? ? ? ? 1n(P~3 ) ?L ynEVC( 0 j
141 30) ~~ln(M-0 i rJl( 0
n(MEP) [? ? ? ?]Ifn(Maires) +? ? ?] ln(Mlze) +d?1(+9[
1 -1 ? ? In([l*re) 0 0 0 ln(VEVC) Ln(A/F)(
_ ln(P_30)
Equations (38) and (39) are significant because they suggest that cycle i+1 states are a
function only of cycle i inputs and that cycle i+1 outputs are a function only of cycle i states. If
this is, in fact, true, it would mean the CAI engine is effectively a quasi-static system.
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4.4.2 System Identification from Empirical Fit
Looking at Figures 5.6-8 and equations (38) and (39), it is obvious that a system
representation derived from first principles is a good start but does not completely capture the
dynamics of the CAI engine. In fact, Mairfresh and MEP have no entries in the system
representation derived from first principles. In general, completion of the system identification
process using empirical results involved completing matrices A, B, C and D and vectors cX and cy
subject to linear least squares fits of all available state and output data. Notice the emphasis on
completing matrices A, B, C and D and vectors cx and cy. Only those entries not already
determined from first principles were determined using the linear least squares fit. Previously
determined entries were unchanged. Finally, in keeping with the notion that the CAI engine can
be represented as a zero-order system, the entries in matrices B and C and vectors cx and c, were
computed first, without consideration of the cycle i states; i.e. matrix A, or the cycle i inputs; i.e.
matrix D, respectively. Once computed, matrices B and C and vectors cx and c, were included in
the empirical determination of matrices A and D.
Figure 4.12 compares the empirical fit of Mairfresh to the measured values considering
only the influence of the cycle i inputs and allowing for a constant. Similarly, figure 4.13
compares the empirical fit of MEP to the measured values considering only the influence of the
cycle i states and also allowing for a constant. Both figures support the notion that the CAI
engine is a quasi-static system. Equations (40) and (41) show the updated system representation
with the states Mfuelfresh and Mairfresh shortened to Mfuel and Mair, respectively, to conserve space.
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Figure 4.12 Mass of Fresh Air, Quasi-Static Assumption
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Figure 4.13 Mean Effective Pressure, Quasi-Static Assumption
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Figures 4.9 through 4.13 show that a reasonable system identification of the CAI engine
can be completed using first principle and empirical representations guided by the assumption
that the engine is a quasi-static system. All that remains to complete the system identification
process is to "fine-tune" the representations by calculating the remainder of the entries in
matrices A, B, C and D and vectors c, and c,. Figures 4.14 through 4.18 compare the measured
states and outputs to those calculated using the representations developed in the, now completed,
system identification of the CAI engine given by equations (42)4 and (43). Notice that the
representation of P-30 has improved significantly. The representation for # shows some
improvement in that, it still tends to over predict low values of $, the threshold at which the over
prediction begins to occur has decreased from 0.995 to 0.985. Finally, Table 4.1 summarizes the
means, u, and standard deviations, o, of the absolute errors and percent errors between the
measured quantities and their system identification representations. Aside from demonstrating
the accuracy of the system identification representation, these statistical measures will be used to
characterize noise in the model of the CAI engine. That model will be discussed in great detail
in Chapter 5.
4 In this equation, a single zero indicates no contribution from a given term whereas .00 indicates a non-zero but
small contribution.
84
lf(Mue, [ 0 0 0 0 [lfn(MfeI FY 1 0 -I( 0
ln(Mair) -. 03 .07 .02 -. 00 In(M,,r) .58 .55 -. 57 n(M,,,, .66
In(%,o,) .26 -1.1 -. 21 -. 26 n(%,)+ .56 -1 1 Ln(VEVc) ln(100)+ln(a) (42)
In(P 3 0 ) -. 1 .13 .00 .63 ln(_ 3 0 ) .11L0 0  r .02 E , -L n(v 30 ) J
E -. 70 1.84 -. 04 .55 In(M . . ln(M
In(#) E 1 -1 -. 01 -. 0 In(%/o rf) L 0 0 03 f .rVC +n(A/F),(
In(P EVC
.7
I
0 100 200 300
I~1 I1
IRI- -
I
400
I'
500 600 700 800 900
I
1000
Engine Cycle
I-Measured -System Identification Representation
Figure 4.14 Mass of Fresh Air, Completed System Identification
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Figure 4.16 In-Cylinder Pressure at -30 Degrees aTDCf, Completed System Identification
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Figure 4.17 Mean Effective Pressure, Completed System Identification
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Figure 4.18 Exhaust Gas Fuel-Air Equivalence Ratio, Completed System Identification
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Table 4.1 Error Means and Standard Deviations, Completed System Identification
Quantity Error p Error o Percent Error p Percent Error o-
Mair 0.0142 (mg) 1.8505 (mg) 0.0064 0.9169
%residual -0.1454(%) 3.6399(%) 0.3301 8.1137
P-30  -0.0001 (bar) 0.0584 (bar) 0.0015 0.5494
MEP -0.0005 (bar) 0.1140 (bar) 0.0377 2.7576
-0.0001 0.0065 0.0027 0.6683
4.5 Experimental Validation of Quasi-Static Representation
The quasi-static representation of the CAI engine system is critical to the development of
the closed-loop controller. In Chapter 5, it will be shown that this representation effectively
determines the architecture of the closed-loop controller. As such, it was necessary that this
representation be validated experimentally. Using the open-loop controller, the CAI engine was
subject to a series of step changes in desired MEP while maintaining a constant b. Figure 4.19
depicts the input corresponding to the step-changes in desired MEP and the resultant values of
MEP and 0. Notice that there are actually three sets of data depicted in this figure. The first data
set depicts step-changes spanning the entire CAI operating regime while the second and third
data sets depict step-changes spanning the bottom and top halves, respectively. No transient
dynamics are evident save for misfires that occur when the engine is subject to a step-change in
desired MEP that spans the entire CAI regime from top to bottom. Although the misfires are
interesting, they will not be discussed here since it is physically impossible for a driver to
demand an instantaneous change in load5 .
5 The time it takes a driver to react and then request a change in engine output, either with a keyboard or with a
physical actuator, is much longer than the duration of a single engine cycle or even a series of engine cycles.
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Figure 4.19 Quasi-Static Response of CAI Engine to Step-Changes in Desired MEP
4.6 Conclusions
A technique for determining the in-cylinder state of a particular engine cycle at a
particular point in the cycle has been developed. This technique requires only that the in-
cylinder pressure at all points in the cycle and that 0 corresponding to each engine cycle be
known. Using first principles and empirical curve fit techniques, a linear representation of the
CAI engine relating the engine states; Mfuel, Mair, %residual and P-30 , input to; Mfuel, IVC and
EVC and output from the engine; MEP and 0, was developed. The most significant result of the
system identification process was that the CAI engine is a quasi-static system. In Chapter 5, it
will be shown that the quasi-static nature of the CAI engine effectively determines the
architecture of the closed-loop controller.
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Chapter 5: Model Development and Closed-Loop Control of the CAI Engine
5.1 Introduction
In Chapter 4: System Identification of the CAI Engine, a linear representation of the
CAI engine was developed. In this chapter, that representation, which was constructed from
both first principles and empirical data correlations, will be used to create a numerical model of
the CAI engine. Ultimately, that model will be used to construct, test and tune a closed-loop
controller for use on the CAI engine. To validate the model and assess the capability of the
closed-loop controller, the output from the CAI engine subject to closed-loop control of time-
varying MEP with # equal to 1, under time-varying engine speed and time-varying IMT will be
recorded and compared to the desired values of MEP and 0. Finally, comparisons of output from
the CAI engine subject to closed-loop control will be made with output from the CAI engine
subject to open-loop control in order to assess the controller's capability to enhance performance
of the CAI engine.
5.2 Model Development of the CAI Engine
5.2.1 Model Development, Open-Loop Control
In Chapter 4: System Identification of the CAI Engine, Figure 4.1 depicted the block
diagram representation of the CAI engine. That block diagram, with the addition of vectors
representing noise is depicted in Figure 5.1. Vectors n, and n, are representions of noise and
systematic errors with normal probability distributions defined by a mean and covariance. The
systematic errors are those due to factors which were not included in the system model; i.e.
changes in engine speed, IMT and ambient air humidity. These noise vectors allow for errors in
the ability to accurately measure and/or determine the state vector x and the output vector y.
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Recall that such errors, although relatively small, were evident in comparisons of the measured
state and output quantities to those calculated from the system identification representation. The
statistics; i.e. the mean and standard deviation, which characterize those errors were listed in
Table 4.1.
cx
Snx ny
Xi+1 Xi
Ui + yi+1
Engine CY
Figure 5.1 Block Diagram of the CAI Engine with Noise
Equations (1) and (2) are the state equations corresponding to the block diagram of
Figure 5.1. Matrices A, B, C and D and vectors c, and c, were defined in Chapter 4.
xi. =: Ax, + Bu, + c, + nx (1)
yi. = Cx + Du, +c,+ n (2)
In Chapter 3: Open-Loop Control of the CAI Engine, an open-loop controller was
developed which mapped desired values of the engine output, to required values of the engine
input. Since the conversion of desired output to required input is commonly referred to as
feedforward control, heretofore the open-loop controller developed in Chapter 3 will be referred
to as the feedforward controller. Figure 5.2 depicts the block diagram of the feedforward
controller and CAI engine. The formulation of the state and output equations corresponding to
this block diagram follow immediately thereafter. Notice that cu, cx and cy are, in effect, vectors
of constant input to the CAI engine and feedforward controller system. Also, although not
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constant, nx and ny are also inputs to the system. As such, they can be combined with vector d+1
to form an augmented input vector of the form [d,+ cU Cx C, n n, ].
CU D
- - - - -nx n,
di+ I + I + CI+
Feedforward Controller
Inin
Figure 5.2 Block
LEngine CYia.----------------------------------------------
Diagram of the Feedforward Controller and CAT Engine
x1 1= Ax, +[BM
Uif = Md,, + c U
xi., = Ax, + Bu, + cx + n,
B I 0 0]
(3)
(4)
(5)
dAi+
CU
C x
C Y
nx
ny
(6)
y,, 1 = Cx, + Du, + , + n,
yi+1 = Cxi + D(Mdi+ +c j)+c, + n,
(7)
(8)
y = Cx, + [DM D 0 I 0 I]
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~
d +
C u
C x
CY
fix
fiy
(9)
5.2.2 Model Validation, Open-Loop Control
Equations (6) and (9) are the state and output equations corresponding to the block
diagram of Figure 5.2. Those equations, subject to the constraint that all input to the engine be
integral multiples of crank angle, were used to construct a numerical model of the CAI engine
subject to feedforward control. In Figure 5.3, the output of that model is compared to output of
the CAI engine subject to feedforward control and time-varying MEP that was presented
previously in Chapter 3. As evident from the figure, the numerical model is exceptionally
accurate both with regard to the magnitude and trends of the CAI engine output. The output of
the CAI engine subject to feedforward control, time-varying engine speed and time-varying IMT
were also presented in Chapter 3. However, it is not meaningful to attempt to model those time-
varying parameters here since the system identification representation with which the model was
constructed accounts for neither changes in engine speed nor changes in IMT. Despite the
shortcomings of this numerical model, its development represents a critical step in the
development of a numerical model of the CAI engine subject to closed-loop control.
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Figure 5.3 CAI Engine Performance, Time-Varying MEP, Open-Loop Model
5.2.3 Model Development, Closed-Loop Control
In Chapter 4, it was concluded that the CAI engine was effectively a quasi-static system
meaning the output of cycle i+1 depends primarily on the state of cycle i and that the state of
cycle i+1 depends primarily on the input to cycle i. In effect, that conclusion determined the
architecture of the closed-loop controller to be used in this study.. A simple block diagram of
that controller is depicted in Figure 5.4. Although it accepts output feedback, the controller does
not need state feedback since the CAI engine is a quasi-static system. Figure 5.5 depicts that
same block diagram with an expanded view of the controller. Notice that there is both a
feedback sub-controller and a feedforward sub-controller. The feedforward controller is
identical to the open-loop controller discussed in Chapter 3 and thus, will not be discussed here.
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Figure 5.5 Block Diagram of CAI Engine and Closed-Loop Controller, Expanded View
Before delving into the details of the closed-loop controller, a few comments regarding
the suitability of output feedback are required. Throughout this study, engine output has been
defined to be MEP and 0. Exhaust gas sensors are relatively cheap and readily available such
that the measurement of $ both in the test cell and on a mass-produced automobile is inexpensive
and easy. However, the measurement of MEP requires the use of an in-cylinder pressure
transducer. Although these transducers can be found in most research engines, their relatively
high expense makes them impractical for use in mass-produced engines. On the other hand, it
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should be relatively easy to reconfigure the engine controller to accept, as feedback, BMEP, a
quantity that is currently estimated on most mass-produced engines.
Alternatively, some researchers have focused their efforts on the feedback of parameters
such as 0, or its rough equivalent 0 dP 3, that they feel can be correlated to engine output
d ) max
and that are more easily (and cheaply) measured using an in-cylinder ionization probe. The CAI
engine used in this study was not equipped with an ionization probe. Nor was a heat release
analysis conducted making it impossible to assess the merits of 50., as a suitable control
parameter. However, it was easy to determine 0 dP m for a given engine cycle from the
dO) a
measured in-cylinder pressure. Figure 5.6 depicts the range of MEP corresponding to a given
value of O( dP No obvious relationship between MEP and 0( dP can be observed. In fact, at
dO ) max dO ) max
multiple crank angles, the range of MEP is equal to or greater than the range of desired MEP
used in this study. For this reason and the fact that the engine controller can be easily configured
to accept feedback of BMEP in place of MEP, MEP was used as the output feedback.
Recall that the dynamometer used in this study was not appropriate for use with a single-cylinder engine and as
such, the reported values of BMEP were not accurate.
2 050% is the crank angle at which 50% of the available fuel energy in a given engine cycle has been released.
3 I a is the crank angle at which the rate of increase of in-cylinder pressure is a maximum.
dOmax
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Before discussing the feedback sub-controller, it is appropriate to highlight the most
important feature of the closed-loop controller; namely, that the input to the engine is equal to
the sum of the output from the feedforward and feedback sub-controllers. In essence, the
feedforward controller calculates an approximate input based on the mapping of the desired
engine output to the required input while the feedback controller calculates a corrective term
based on prior errors. The premise is these errors are systematic and their mean values do not
change over a number of engine cycles; for example, the IMT, air humidity and engine speed
(which, because of the engine and vehicle inertia, does not change substantially over one engine
cycle). It should be obvious that if the gain matrix K of the feedback sub-controller were set to
zero, the closed-loop controller would be identical to the open-loop controller discussed in
Chapter 3. If that were the case, it should come as no surprise that, for similar environmental
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2
and operating conditions, the output of the CAI engine should be equal under both open-loop and
closed-loop control.
In the above paragraph, the corrective input calculated by the feedback controller is
described as being based on prior errors. This intentional use of the plural form of errors reflects
the fact that the feedback controller is, in fact, an integral4 controller. It calculates the corrective
input based on the running sum of all prior errors as shown schematically by the block-diagram
depicted in Figure 5.7. Notice that prior to being multiplied by the gain matrix K, the error
summation is mapped backward one engine cycle by the matrix z~'I. This backward mapping is
necessary because the error vector e1+i equal to
ei+ = r+1 - yi+ (10)
cannot be defined since the output of cycle i, denoted by y 1+ is, as of yet, unknown.
Wi+1 Wi
Feedback Controller
Figure 5.7 Block Diagram of Feedback Controller
Recall that the CAI operating regime is but a small part of the CAISI engine operating
regime. Since the closed-loop controller depicted in Figure 5.5 is intended for use only in that
regime, it is concluded that the range of desired output, di+,, will be bounded. In fact, # is
designed to be a constant equal to I here. Since the CAI engine is, in effect, a quasi-static
engine, the desired output will be functionally equal to a series of small step-changes. For any
proper and stable system subject to closed-loop control, the steady-state error to a step-change in
4 Technically, since the feedback sub-controller is a discrete-time controller, it can only sum prior errors.
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input goes to zero, in the absence of noise, if the controller contains an error integrator or
summer. As such, the error summation in the closed-loop sub-controller is necessary and proper.
Equation (10) is a convenient place from which to begin the derivation of the state and
output equations that describe the closed-loop controller developed in this study. That derivation
is as follows. Referring first to the feedback controller and denoting the cumulative error by w:
Wi1 = W, + ei (11)
Wi,1 =,:wi + di, --yi,1 (12)
W = z Iw (13)
u , = Kw (14)
Equation (14) relates the feedback (or corrective) component of the input to the cumulative error
in engine output. In order to maintain consistency between the model of the CAI engine closed-
loop controller and the system identification representation developed in Chapter 4, the input
units are ln(mg), ln(m3 ) and ln(m3) while those of the cumulative errors are ln(bar) and ln(no
units). The units of K are thus:
ln(mg)(bar) ln(mg)
K= ln(m ) ln(m3 ) (15)l4n(bar)
ln(m ) ln(m3)ln(bar)
Since the input to the CAI engine is equal to the sum of the approximate input calculated
by the feedforward controller and the corrective input calculated by the feedback controller, the
total input can be written as:
u. = u i +ue, (16)
Substitution of equations (3) and (14) into equation (15) yields:
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U, =Mr,1 + Cu + Kw,
Substitution of equation (16) into equation (4) yields:
xi,1 = Ax, + B(Mr,1 +c, + Kw, )+ c, + n, (18)
Equation (17) can be rewritten as a matrix equation in terms of the augmented input vector
cU cX C, nX n, 
xi+1 =
and an augmented state vector equal to [ .
dI
[ A BKf + [BM B I 0 I 01 c
w]
nf
n,
(19)
Similarly, substitution of equation (16) into equation (7) ultimately yields the output equation for
the CAI engine and closed-loop controller system depicted in Figure 5.5.
y1+1 = Cx, + D(Mr,+1 + cU + Kw, )+ c, + n, (20)
y 1, -=[C DKt] +[DM D 0 I 0
In order to complete the development of the augmented state equations corresponding to
the augmented state vector Lw] , an expression for wi,+, the summed error of cycle i+], must
now be developed. This development is made easier if equation (12) is first expressed in terms
of the augmented state and input vectors.
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I
di+
Cu
Cx
CY
ny
(21)
(17)
di+
Cu
wi+1 = [0 I + [1 I 0 0 0 0 0 c yi+1 (22)Wi .. C
nX
fnx
Substitution of equation (20) into equation (21) and rearranging yields:
~di+
Cu
w,,1 =[-C (I-DK) i ++[(I-DM) -D 0 -I 0 -1' cx (23)
nX
ny
Combining equations (18) and (22) into a single matrix equation yields the augmented state
equation for the CAI engine and closed-loop controller depicted in Figure 5.5.
di+
CU
x[ 1 A BK 1[Xi]1[ BM B I 0 I 0] c(
Wi+1  [-C (I-DK[w (I-DM) -D 0 -I 0 -I c,
nx
fny
All terms in equations (20) and (23) are known except for the gain matrix K. This matrix
is the most critical component of the CAI engine and closed-loop controller system as it
determines the system's response to and ability to correct for errors between the actual output
and the desired output of the CAI engine. As stated previously, it should be obvious that if K
equals zero, the output of the CAI engine subject to closed-loop control is identical to that of the
CAI engine subject to open-loop control provided all environmental and operating parameters
that affect the output are unchanged. In general, the overall system response depends on the
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[A BK 1
eigenvalues of the matrix [ - )]; i.e. the first term on the right-hand side of equation
I-C QI - DK
(24). However, some minimum requirements of the gain matrix can be inferred from a basic
understanding of internal combustion engines. Consider that this matrix has only one non-zero
entry, K 1 # 0. This term is used to correct the mass of injected fuel based on prior errors in
MEP. Assuming the CAI engine is running lean or stoichiometric, it is easy to see that K11 must
be greater than zero for values of w1,1, the summed error of MEP, greater than zero; i.e. MEP
lower than the target. If the CAI engine is running rich, it may not be necessary to increase the
mass of injected fuel since the low MEP may be due to insufficient air. In this case, K11 would
equal zero. Similar logic can be used to determine the minimum requirements of K12, which uses
prior errors in # to calculate the corrective mass of fuel, and entries K3 1 and K32, which use prior
errors in MEP and # to calculate the corrective volume at EVC. Figure 5.8 summarizes the
minimum requirements of K. Unfortunately, these considerations of the engine are not sufficient
to determine the minimum requirements of K21 and K2 2 , which are used to calculate the
corrective volume at IVC based on prior errors in MEP and 0, respectively.
0 0 Mfue~ if MEP S low Mfrel ft 0 <1
K=? ?=? ?
L0 0 _VEvc 4If MEPis low VEVC f <
Figure 5.8 Minimum Requirements of the Gain Matrix K
It is reasonable to conclude that, if the entries of the gain matrix K were not consistent
with the minimum requirements depicted in Figure 5.8, the CAI engine and closed-loop
controller system would be unstable. It is possible to check this conclusion and to validate the
formulation of the augmented state and output equations by intentionally violating the minimum
requirements on K. This is most easily accomplished by calculating the poles of the CAI engine
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and closed-loop controller system using various gain matrices with a single non-zero term. The
results of this validation exercise are depicted in Table 5.1. Note that for discrete-time systems,
poles with a magnitude greater than 1 indicate the system is unstable. As expected, the CAI
engine and closed-loop controller system was found to be unstable (see circled poles) when the
minimum requirements of K were violated.
Table 5.1 Engine/Controller System Poles Resulting From a Single Non-Zero Entry in K
K=0 K(191 = -0.001 K192) = -0.001 K(391 = 0.001 K(392 = -0.001
1 .0005 C.0004 (.0012 1.0006
1 1 1 1
0.6240 0.6241 0.6240 0.6239 0.6240
-0.0708+/- .0148i -0.0732 +/- 0.0252i -0.0692 +/- 0.0034i -0.0713 +/- 0.0184i -0.0710 +/- 0.0165i
0 0.0045 -0.0036 0 0
5.2.4 Model Validation, Closed-Loop Control
In this study, no effort was made to optimize the gain matrix with regard to any
consideration other than the ability of the CAI engine and closed-loop controller to track the
desired output. Even that optimization was limited to several iterations on K using the numerical
model and comparisons of the predicted versus desired input. In Figure 5.9, results from the
model are compared to data acquired from the CAI engine subject to closed-loop control and a
time-varying MEP. The gain matrix used throughout this study and the associated poles of the
CAI engine and closed-loop controller system are given in Table 5.2. Notice that the poles all
have magnitude less than one indicating that the system is stable.
5 The engine used in this study consisted of a number of one-of-a-kind parts that were prone to failure. Due to the
high risk of failure and its associated costs, both in time and money, actual engine operation was severely limited.
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Table 5.2 Gain Matrix and Associated Poles
Gain Matrix Poles
.1 .05~ 0.9548 +/- 0.0155i
K = -. 001 0 0.6137
-0.1858
L -. 01 .025j 0.0678 +/- 0.0959i
Similar to the simpler open-loop numerical model, the closed-loop model is accurate both
with regard to the magnitude and trends of the CAI engine output. Again, it was not meaningful
to include time-varying engine speed or time-varying IMT in the model since the system
identification did not account for those parameters. However, the capability of the closed-loop
controller to manage time-varying engine speed and/or IMT was evaluated experimentally.
Those results are presented below.
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5.3 Closed-Loop Control of the CAI Engine, Results
5.3.1 Time-Varying MEP
Figure 5.10 depicts the error between the desired output and the output of the CAI engine
subject to closed-loop control and time-varying MEP and compares it to the error generated with
open-loop control. It is quite difficult to get any useful information from figures of this type as
the variations in error make it impossible to quantify anything about the error itself. An
alternative comparison of the errors is depicted in Figure 5.11. Here the error distributions are
compared with statistical measures of the errors; i.e. the means and standard deviations, also
denoted on the Figure. With open-loop control, MEP was consistently high while # was
consistently low as depicted by the shifted centers of the error distributions. The CAI engine
performs better under closed-loop control, as the error means for both MEP and $ are an order of
magnitude smaller. See their nearly centered distributions. The error spread, however, is
unchanged. In fact, the standard deviations of the percent errors are on par with those calculated
for the CAI engine running under fixed input conditions as indicated in Table 3.2.
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Figure 5.11 Error Statistics for CAI Engine, Time-Varying MEP
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Before the output of the CAI engine subject closed-loop control can be studied further, it
is necessary to highlight a significant limitation of the closed-loop controller itself. Recall that
the response time of the ETAS exhaust gas sensor to large changes in $ was on the order of 3-5
engine cycles. In the system identification process, it was assumed that the ETAS sensor had
instantaneous response. The results depicted in Figure 5.9 suggest this assumption was, on
balance, reasonable. However, at points immediately following a dramatic reduction/increase in
commanded MEP, the fuel-air equivalence ratio turns rich/lean, before quickly returning to
stoichiometric conditions. It is doubtful that a more complete optimization of the closed-loop
controller gains would diminish the magnitude of these spikes since they can be attributed
directly to the response time of the exhaust gas sensor.
5.3.2 Time-Varying Engine Speed
Figure 5.12 depicts the output of the CAI engine subject to closed-loop control and the
indicated time-varying engine speed. A comparison of Figure 5.12 with Figure 3.18, reprinted
here for convenience, clearly shows the improvement in engine performance under closed-loop
control. Figure 5.13 compares the associated percent errors. With closed-loop control, the mean
percent errors in MEP and # decrease two orders of magnitude. Although the standard deviation
in percent error for MEP remains unchanged, it decreases by a factor of two for #. The
dependence of # on engine speed is considerably less under closed-loop control than under open-
loop control. Recall that ultimately this dependency was attributed to unintended changes in
EVC caused by changes in engine speed. Referring to Figure 3.17, a linear fit between the
unexpected changes in EVC and engine speed yields:
AEVCcual =0.015RPM - 20.161 (25)
108
4.5
4
3.5
3
2.5
2
1.2
1625 rpm .-
,*"Swf13'90
0 100 200 300 400 500 600 700 800 900 1000
Engine Cycle
Desired MEP -MEP Engine Speed
Desired Equivalence Ratio - Equivalence Ratio
Figure 5.12 CAI Engine Performance, Time-Varying RPM, Closed-Loop
4.5 - 1.2
-1.15
1640 rpm
3 1.1
0.95
0.5
o too 200 300 400 500 600 700 800 900 1000
Engine Cycle
Desired MEP MEP Engine Speed
Desired Equivalence Ratio -- Equivalence Ratio
Figure 3.18 CAT Engine Performance, Time-Varying RPM, Open-Loop (2) (Reprinted)
109
I
1.15
1.1
1.05
1
0.95
30
25
- 20
C 15
10
5.
Engine output is lower than desired Engine output is higher than desired
I I I I I I I I I
% Error p, Open-Loop % Error p, Closed-Loop -
MEP = -31.9161 MEP = 0.0191
S= -1.9540_ __ = -0.0156
% Error a, Open-Loop % Error a, Closed-Loop
MEP = 2.4812 MEP = 2.7143
# = 3.0348 #= 1.4020
- - - -
-10 -8 -6 -4 -2 0 2 4 6 8 10
Percent Error (%)
-MEP, Open-Loop - MEP, Closed-Loop
-Equivalence Ratio, Open-Loop 4 Equivalence Ratio, Closed-Loop
Figure 5.13 Error Statistics for CAI Engine, Time-Varying RPM
Figure 5.14 depicts the closed-loop input to the CAI engine. Like the case of open-loop
control, IVC is nearly constant and again the fuel injection duration changes with engine speed so
as to insure a constant mass of injected fuel. Notice however that the commanded values of EVC
vary considerably; i.e. EVC is retarded/advanced when engine speed increases/decreases. Here a
linear fit between the commanded values of EVC and engine speed yields:
AEVC -= -0.0172RPM - 25.148 (26)
A comparison of equations (24) and (25) clearly shows that changes in the commanded value of
EVC, as calculated by the closed-loop controller, are intended to cancel the effect that changes in
engine speed have on the actual value of EVC.
110
0 100 200 300 400 500 600 700
Engine Cycle
Injection Duration -Intake Valve Close --- Exhaust Valve Close - Engine Speed
Figure 5.14 Inputs to CAI Engine, Time-Varying RPM, Closed-Loop
5.3.3 Time-Varying IMT
Figure 5.15 depicts the output of the CAI engine subject to closed-loop control and the
indicated time-varying IMT. A comparison with Figure 3.19, shown here for convenience,
clearly shows improved performance under closed-loop control. The improvement due to the
use of closed-loop control is further highlighted in Figure 5.16, a comparison of the distribution
of percent errors in output. Notice that the error means are an order of magnitude smaller. See
their nearly centered distributions. The standard deviations, however, are unchanged and equal
to those calculated in Chapter 3 for fixed input.
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Figure 5.16 Error Statistics for CAI Engine, Time-Varying IMT
Recall that under open-loop control, # was initially low and then dropped off with
decreasing IMT while MEP increased slightly. Under closed-loop control MEP and # are nearly
constant despite a similar reduction in IMT. While under open-loop control, the decrease in #
was attributed to an increase in density and thus mass of the incoming air caused by a reduction
in IMT. While under closed-loop control, the controller keeps the mass of incoming air a
constant by a gradually advancing EVC to trap more exhaust gas residual. This gradual advance
of EVC is depicted in Figure 5.17. Note that both IVC and the duration of fuel injection and thus
mass of injected fuel, since engine speed is fixed, are nearly constant.
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5.3.4 Time-Varying MEP, Engine Speed and IMT
Figure 5.18 shows the output of the CAI engine subject to closed-loop control, the
indicated time-varying MEP, the indicated time-varying engine speed and the indicated time-
varying IMT. A comparison of Figures 5.18 and 3.21, reprinted here for convenience, clearly
shows an improvement in output, especially with regard to #, under closed-loop control. A small
dependence of b on engine speed is still apparent but a dependence on IMT is not. MEP also
tracks better under closed-loop control, especially at lower values. These observations are
supported by the distribution of percent errors depicted in Figure 5.19. Notice that the mean
percent errors of both MEP and # have been reduced by two orders of magnitude and that the
standard deviation in percent error for $ has been reduced by nearly a factor of two.
114
100
90
80
70
60
50
40
30
20
10
0
M E VC %IIt1;*4 1 11111IL 10111,16 -1111o _________ -~w -.,001* -IM
_L L_ L _ _
a.
S..
CO.
0 100 200 300 40(
4.5
4
3.5
3
2.5
2
0 100 200 300 400 500
1.2
121 C
1615 rpm
1000"C 1385 rpm
600 700 800 900 1000
Engine Cycle
Desired MEP MEP in Engine Speed
Desired Equivalence Ratio - Equivalence Ratio ~~IMT
Figure 5.18 CAI Engine Performance, Time-Varying Quantities, Closed-Loop
4.5
4
3.5
3
2.5
2
1.2
1.15
1.1
1.05
1
0.95
0 100 200 300 400 500 600 700 800 900 1000
Engine Cycle
DesiredMEP MEP Engine Speed
Desired Equivalence Ratio Equivalence Ratio IMT
Figure 3.20 CAI Engine Performance, Time-Varying Quantities, Open-Loop (Reprinted)
115
-z"
I..
1.15
1.1
1.05
1
0.95
121 " C
1650 rpm
--100 *C
Am
25
20
15
q 10
5
-10 -8 -6 -4 -2 0 2 4 6 8 10
Percent Error (%)
-MEP, Open-Loop * MEP, Closed-Loop
-Equivalence Ratio, Open-Loop - Equivalence Ratio, Closed-Loop
Figure 5.19 Error Statistics for CAI Engine, Time-Varying Quantities
5.4 Conclusions
A numerical model of the CAI engine and closed-loop controller system was developed
from a previously constructed system identification representation. The closed-loop controller
consisted of a feedforward sub-controller that mapped desired output to the required input and a
feedback sub-controller that used output feedback to calculate a corrective input based on prior
errors. A key component of the feedback controller was an error summer. With the error
summer, the closed-loop controller is capable of achieving zero steady-state error, in the absence
of noise, to a step-change in input. This is especially significant since any changes in the desired
output of the CAI engine can be assumed to take the form of a series of step-changes as the
engine is effectively a quasi-static system.
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Having determined the architecture of the closed-loop controller, the numerical model of
the CAI engine and closed-loop controller was validated by intentionally violating fundamental
requirements on the gain matrix K. Those requirements were determined using fundamental
knowledge of internal combustion engines. As expected, any time a fundamental requirement of
K was violated, the calculated poles of the CAI engine and closed-loop controller system
indicated the system was unstable.
The numerical model was then used to tune the gain matrix subject to the constraints that
the CAI engine and closed-loop controller system be stable and that engine output sufficiently
track the desired output as specified by the engine operator. Experimental testing of the closed-
loop controller showed exceptional correlation between the numerical model and the CAI engine
and closed-loop controller system. Further experimental testing of the CAI engine and closed-
loop controller system proved it to be extremely capable of managing time-varying changes to
desired MEP, engine speed and IMT while simultaneously maintaining a constant fuel-air
equivalence ratio.
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Chapter 6: Conclusions and Suggestions for Future Work
6.1 Conclusions
The overall objective of this study was to develop a closed-loop controller for use on a
CAI/SI dual-mode engine equipped with a VVT mechanism. The controller must be capable of
simultaneously maintaining a constant fuel-air equivalence ratio and managing changes in
desired load while also compensating for changes in environmental conditions; i.e. intake
manifold temperature, and operating conditions such as engine speed, that affect both the engine
load and its exhaust gas fuel-air equivalence ratio. The controller designed for use in this study
is limited to operation in the CAI regime. Operation outside the CAI regime and mode transition
control were not considered in this study.
The first part of the study involved creating an open-loop or feedforward controller for
use on the CAI engine. This controller transformed desired engine output into required input
based on a mapping of steady-state output to input at constant engine speed and intake manifold
temperature. Although the open-loop controller did provide a means for acquiring transient
engine data, it did not give satisfactory engine performance. This was particularly true when the
engine was subject to time-varying engine speed and/or IMT as describe below.
While under open-loop control\, an increase/decrease in engine speed was found to
increase/decrease #. This effect was not a function of manifold dynamics but rather on a failure
of the VVT system's control algorithm to properly account for changes in engine speed. As
engine speed increases/decreases, the actual value of EVC advances/retards, which in turn, traps
more/less exhaust gas residual. As the mass of trapped exhaust gas residual increases/decreases
the mass of fresh air that can be inducted into the cylinder decreases/increases. Since the mass of
fuel is independent of engine speed, # increases/decreases with decreasing/increasing mass of
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inducted fresh air. Similarly, an increase/decrease in intake manifold temperature leads to an
increase/decrease in b. The density and thus mass of the inducted fresh air decreases as IMT
increases and vice versa. Since the mass of fuel is independent of engine speed, an
increase/decrease in the mass of fresh air decreases/increases $.
Obviously, the open-loop controller has no mechanism for output feedback so that errors
in the output of the CAI engine go uncorrected as describe above. Since these errors can be
relatively large and would almost certainly effect customer satisfaction, it was concluded that the
open-loop controller is not a suitable means of controlling the CAI engine. Rather a closed-loop
controller is required.
Using first principles and applying empirical curve fitting techniques to the transient data
acquired with the open-loop controller, a mathematical representation of the engine output (mean
effective pressure and fuel-air equivalence ratio), its in-cylinder state (mass of fuel, mass of air,
percent mass of exhaust gas residual and in-cylinder pressure), and input to the engine (mass of
fuel, intake valve closing and exhaust valve closing), was developed. This representation
showed that the CAI engine is effectively a quasi-static system in that the output of any given
cycle depends nearly entirely on the in-cylinder state at the start of that cycle and that the in-
cylinder state at the start of any cycle depends nearly entirely on the input from the previous
cycle. The quasi-static nature of the CAI engine effectively defined the architecture of the
closed-loop controller; namely, a controller consisting of a feedforward sub-controller and a
feedback sub-controller.
A numerical model of the CAI engine and closed-loop controller system was developed
from the previously constructed system identification representation. The closed-loop controller
consisted of a feedforward sub-controller that mapped desired output to the required input and a
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feedback sub-controller that used output feedback to calculate a corrective input based on prior
errors. A key component of the feedback controller was an error summer. With the error
summer, the closed-loop controller is capable of achieving zero error in load following, in the
absence of noise, when the frequency of load variation is sufficiently slow.
The model was used to tune the gain matrix in the feedback sub-controller subject to the
constraints that the CAI engine and closed-loop controller system be stable and that engine
output sufficiently track the desired output as specified by the engine operator. Experimental
testing of the closed-loop controller showed exceptional correlation between the model's
predicted output and actual output. Further experimental testing of the CAI engine and closed-
loop controller system proved it to be extremely capable of managing time-varying changes to
desired MEP, engine speed and IMT while simultaneously maintaining a constant fuel-air
equivalence ratio.
6.2 Suggestions for Future Work
Recall that the A CAI/SI engine is an attempt to combine the high efficiency of a diesel
engine with the low emissions output of a SI engine. However, the CAI operating range in this
study was found to be only a fraction of a typical SI operating range and worse, the CAI engine
could not run at especially low loads because of the risk of misfire due to excessive dilution of
the in-cylinder charge. Yet it is these loads where the SI engine is most inefficient. As such,
future work must focus on methods of expanding the CAI operating regime without increasing
engine out emissions or otherwise compromising engine performance.
One demonstrated means of lowering the CAI regime boundary is to run lean. However,
as stated previously, lean operation in the CAI regime compromises the exhaust treatment
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capabilities of the catalytic converter in the SI regime. For this reason, research which focuses
on the development of alternative emissions reduction technologies or the preservation of current
capabilities in a lean environment would be particularly beneficial.
Direct fuel injection may represent a second means of expanding the CAI operating
regime. With direct injection, stratification of the in-cylinder charge is possible. The benefit of
a stratified charge is that it may be possible to slow down the CAI combustion process by
limiting its initiation points to a fraction of those in a homogenous charge. A slower combustion
process will decrease the likelihood of knock thereby expanding the high load and speed bounds
of the CAI regime.
Finally, engine cooling as it affects heat transfer from the in-cylinder charge to the
cylinder walls, cylinder head and piston is an opportunity for optimization. In this study, the
cylinder liner was surrounded by coolant and a jet of oil cooled the piston. Heat transfer was
most likely excessive. Would it have been possible to extend the boundaries of the CAI regime
if the engine controller was given the capability to manage coolant flow, oil flow, coolant
temperature or oil temperature? Would engine performance have improved? These questions
and others regarding the optimization of the CAI engine are obviously worthy of future study.
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Appendix A: Chevron Phillips UTG-91 Specifications
Chevron Phillips Chemical Company
LP
10001 Six Pines Drive
The Woodlands, TX 77380
800-858-4327
Technical Service: 832-813-4862
Chevron Phillips Chemicals International
N.V.
Brusselsesteenweg 355
B-3090 Overijse, Belgium
+32 (0) 2 689 12 11
+65 6337 9700
Chevron Phillips Chemicals Asia PTE
Ltd.
5 Temasek Boulevard
05-01 Suntec Tower Five
Singapore 038985
Property
Copper Corrosion, 3 h at 50 *C
Specific Gravity at 60/60 'F
API Gravity at 60 'F
Oxidation Stability
Existent Gum, mg/100 mL
Lead Content, g/gal
Sulfur Content, wt %
Phosphorus, g/gal
Total Alcohol Content, vol %
Reid Vapor Pressure at 100 'F, psia
Research Octane Number
Motor Octane Number
Sensitivity
Distillation Range at 760 mmHg, 'F
Initial Boiling Point
10%
50%
90%
End Point
Composition, vol %
Olefins
Aromatics
Saturates
Heat of Combustion, Net, Btu/lb
Carbon Content, wt %
Hydrogen Content, wt %
Anti-Knock Index, (R+M)/2
UTG-91
Typical Value
1
0.735
61
1440+
2
0.001
0.013
0.001
0.00
9.0
90.8
83.0
7.8
88
122
212
321
399
6
24
70
18500
86.8
Specification
1 max
0.734 - 0.744
58.7-61.2
1440 min
5 max
0.05 max
0.1 max
0.005 max
0.00 max
8.8-9.2
90.3 -91.7
ASTM
7.5 min
ASTM D 86
Test Method
ASTM D 130
ASTM D 1250
ASTM D 4052
ASTM D 525
ASTM D 381
ASTM D 3237 Modified
ASTM D 3120
ASTM D 3231
EPA Procedure 10
ASTM D 323
ASTM D 2699
D 2700
ASTM D 2700
75-95
120- 135
200-230
300-325
415 max
ASTM D 1319
10 max
35 max
Remainder
ASTM D 3338
86.3 (86.36)
13.7 (13.41)
87.0 max Calculated
This product meets the requirements outlined in Code of Federal Regulation CFR-40, Part
86.113 for use in CAFE and Emission Certification Testing.
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